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ABSTRACT

The resolution of the problem of protecting space vehicle

crews from charged particles of either solar-flare or trapped-

radiation origin will probably depend upon some sort of shielding.

The basic problem is concerned with determining quantitatively the

attenuation requirement of the incident radiation and selecting an

appropriate material to provide this shielding. The discussion

given includes the hazards of space radiation, the methods of dose

calculation, the development of a proton penetration procedure,

a summary of cross section data, and the results of shielding

calculations - with particular emphasis on contributions to the

dose from secondary radiation. .ifO/'_t_J'_,t'//##_'"
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I. INTRODUCTION

A major goal of the space program is the exploration of the

planets of the solar system. In particular, efforts are being

concentrated toward early exploration of the moon, the nearest and

most promising celestial body for manned missions. The discovery

and subsequent investigation of ionizing radiations surrounding the

earth have emphasized the existence of a hazard which must be

assessed prior to the preparation of vehicle designs for manned

space flight. From balloon, satellite, and space probes, the

radiation data indicate that the fluxes of ionizing particles are

of sufficient magnitude to create a radiation hazard. Detailed

investigations are necessary to determine the nature, energy

distribution, and spatial distribution of this radiation in space

o_ *_* adequate radiation _+_*_ ............. _.......... may be _ded for space

vehicle crews.

The resolution of the complex problem of protecting space

vehicle crews from charged particles of either solar-flare or

trapped-radiation origin may well depend upon some sort of shielding.

The basic problem is concerned with determining quantitatively the

attenuation requirement of the incident radiation and selecting an

appropriate material to provide this attenuation. In effect, the

shielding problem is involved in determining the radiation field

inside a specified compartment as a function of shield thickness.
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The problem described in this report is concerned with one phase

of determining the requirements for the protection of man from

the hazards of space radiation.

The work reported here extends the original investigation by

GD/FW, which is reported in Reference i. The present report

describes briefly the space radiations, discusses methods of dose

calculations, outlines a proton attenuation procedure (PAP),

evaluates the input data, summarizes cross-section data, and gives

results of some shielding calculations, with particular emphasis on

contributions to the dose from secondary radiation. Some general

unsolved shielding problems and data requirements are discussed

along with recommendations for a definitive study. An appendix

includes a brief discussion of PAP,with flow diagrams and range-

energy relations.

This report is primariiy concerned with the description of the

proton hazards from Van Allen radiation and major solar flares.

The Van Allen electron component is not treated since it seems

rather certain that, at least with our present knowledge of the

particle intensities in the radiation belt, shielding thicknesses

necessary for reduction of the proton hazard to an acceptable dose

rate would reduce the bremsstrahlung component to a negligible level.

The "possible" hazards from galactic cosmic rays (protons and heavy

particles)are not analyzed for several reasons. The available data

on cosmic proton and heavy-particle intensities in space and the

18



reaction products therefrom are so limited that it is very difficult,

if not impossible, to assess their potential hazard at this time.

Estimates indicate that dose levels from the low-intensity galactic

cosmic radiation are far below those expected from solar flares on

lunar flights of about 14 days. For longer voyages of perhaps a

year or more_ the cosmic radiation dose may possibly be the deciding

factor in shielding weight. This area needs considerable investiga-

tion before even rough estimates can be made of the hazards.

19



II. RADIATION ENVIRONMENT

2.1 The Hazards of Space Missions

A special problem associated with manned space operations is

concerned with the protection of personnel against the deleterious

effects of ionizing radiation in space. These radiations are

separated into four general classifications: primary cosmic radia-

tion, Van Allen radiation, solar-flare radiation, and miscellaneous

radiations. The source of radiation which presents the greatest

hazard to crews on missions beyond the earth's magnetosphere is the

solar flare. It, thus, appears necessary to provide some shielding

for such missions if the expected trajectories are not to be

restricted severely by schedules dependent on the development of a

capability to predict the occurrence of flares. The energy groups

of particles are ..... _ to _o_ng_ e_om ahn_ with very low energy,

which yield only superficial dose, to those of very high energy,

which may contribute substantial whole-body biological dose.

In the absence of definitive knowledge concerning the existence

of radiation fields about the distant planets, cislunar and inter-

planetary space may be divided into five domains by virtue of the

earth's geomagnetic field and the incident solar and cosmic particle

radiations. Each of these regions may influence manned space

operations and may be briefly described as follows. The first zone,

which is restricted to geomagnetic latitudes less than 60 ° and to

21



altitudes less than 600 kilometers, has a paucity of trapped particles

and is relatively safe for manned flights without shielding. In the

second zone, trapped protons with peak intensity occurring near 3600

kilometers in altitude present a major hazard to man and necessitate

shielding for missions which require extensive operations in the

region. In the third zone, which extends beyond the second zone and

varies in size and in the intensity of the trapped particles, the

principal hazard arises from electrons of such intensity that a

bremsstrahlung problem may be present° In the fourth zone, over the

geomagnetic poles, the proton flux from solar flares is of such

magnitude that unshielded manned vehicles are unsafe at altitudes

above the earth's atmosphere. In the last region, which is the trans-

geomagnetic space in which the earth's magnetosphere does not modify

the trajectories of charged particles, the principal hazard is from

solar-flare protons. In this case, the radiation exposure to primary

protons and secondary protons and neutrons produced in the vehicle may

exceed acceptable levelswithout shielding.

2.2 The Van Allen Radiation Belts

Since the discovery of the ionizing radiation by Van Allen, the

radiation regions surrounding the earth have been subjected to

considerable experimentation and conjecture regarding their origins,

spectra, intensities, and temporal and spatial distributions. Among

the several theories advanced relative to the origin and nature of

the belts, one proposed by Singer (Ref. 2), and partially supported

22



by experimental data from satellites, advocates that the origin of

the inner belt is primarily due to cosmic-ray albedo neutrons. The

outer belt was originally considered to be supplied by solar

corpuscular radiation, with particle acceleration originating

apparently within the earth's magnetic field.

The early conceptual model of spatial distribution of Van Allen

radiation consisted of two concentric toroidal regions extending

about the earth equatorially. For this model, the inner zone was

considered to be between the geomagnetic latitudes of 25°N and 25°S

and extending from about 600 kilometers to about i0,000 kilometers

in altitude. The outer zone was represented as extending from an

altitude of about 15,000 kilometers to about 70,000 kilometers in

an equatorial plane. In a meridian plane, the outer zone dipped

down to lower altitudes with increasing latitude so that in the

geomagnetic latitu@e interval from 55 ° to 70 ° , the outer zone

extended over an altitude of from 300 to 1500 kilometers.

Recent data from Explorer XII, Energetic Particles Satellite

launched 16 August 1961, indicate that a revision of this concept

will be necessary. These data imply there is not a distinct inner

and outer belt; on the contrary, there is one large trapping region

with particles of different characteristics. The tentative physical

picture appears as follows (Refi. 3):
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Io At i! earth radii (from the earth's center) there is a2
pattern of high-energy protons in the tens-of-Mev range.

g At 3 earth radii, there are low-energy protons of a

fraction of an Mev, with proton intensities comparable

to those of the electrons° These particles constitute

the greatest energy density of any energetic particles

measured in the oute_ magnetosphere. The maximum
intensity exceeds i0o protons/cm2-sec, with average

energy ranging from i00 key to about 400 key dependent

on the position in the magnetosphere°

o At 4 earth radii (the older concept of the outer belt),

the penetrating particles are protons in the 20-Mev

range and/or electrons in the 2-Mev range° It is

conjectured that the electrons predominate in this region.

o At 6 earth radii and out to the outer range of the

magnetosphere (which fluctuates daily out to 8-12 earth

radii) soft electrons in the energy range of tens of key

are prevalent°

Past satellite and space-probe measurements were interpreted

as showing that the intensity of electrons with energies above

40 key in the heart of the outer zone was about i0 II particles/cm 2-

SeCo Experimental data from Explorer XII reported by O'Brien, et al.

(Refo 4) show that the previous interpretations had been based on

invalid assumptions about the electron spectrum and that the

intensity is only of the order of i08 particles/cm2-SeCo Explorer

XII is the first satellite to provide conclusive measurements of the

intensity of 50-kev electrons in the heart of the outer zone. In

the following sections, since the data from Explorer XII are

preliminary in nature, a summary is given for the knowledge of the

belts prior to the release of the Explorer XII data° These older

data were used as input for shielding calculations performed on

PAP and reported in Section Vo
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2.2.1 The Inner Van Allen Belt

2.2. I. I Protons. Several measurements have been made

of the proton spectrum and particle intensities in the inner Van

Allen belt. The inner-belt proton spectrum shown in Figure 2.1 is

from the work of Freden and White (Ref. 5). This spectrum, which

is a combination of experimental and calculated data, may be

represented analytically by relations of the form

N(E) = CI E-0"72 for i0 Mev_ E_80 Mev and

N(E) = C2(E ) exp (-E/170) for 80 Mev<E<700 Mev.

More recently, Naugle and Kniffen (Refo 6) have published the

results of the measurements of the proton spectrum as a function of

position in the inner belt, with an energy range down to 8 Mev.

These results show that, at higher latitudes, the slope of the

spectrum below 30 Mev steepens _n_de_ab_j f_ 0.2)

An analysis of the data received from Explorer VI between

7 August and 20 October 1959 is given by Hoffman, et al. (Ref. 7).

A comparison of exponents k to the power-law spectrum

N(E)- NoE-k

for protons in the inner belt, derived from several different sets

of data, is given in Table I.
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Experiment

FW

AH

NK

HAJ

HAW

TABLE I

COMPARISONOF PROTONPOWER-LAWSPECTRUMEXPONENTS

Reference

8

9

6

i0

7

Alt, (kin)

1200

lO8O

1600

llO0

2225

Mago Lato

25°

22 °

27½ °

19 o

-28° 2°

Energy Range

(Mev)

75-700

80-60o

40-600

>23

>23.6

k

i. 84

1.80

1.7

1.68

1.65

A literature survey indicates that above about i00 Mev the

proton spectrum obtained from emulsions is in good agreement with

that expected from neutron albedo decay. Below 80 Mev, the

calculated neutron decay spectrum falls off to an exponent of only

0.72, The principal results of the Explorer VI data on protons are

summarized, in part, as follows:

i. For an assumed power-law energy spectrum for trapped
protons, the spectrum parameters are No = 1.14x10 _

and k = 1o64 at the maximum intensity at -28o magnetic
latitude_

. The proton spectra through the belt are not in disagree-

ment with either previously published spectra or the

spectrum calculated from neutron albedo decays°

. The radiation becomes slightly softer with increasing

range through the belt and with increasing latitude.

e An upper limit of about 10% is placed on temporal

variations of the proton component due to magnetic
storms°
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Van Allen (Ref. ii) has estimated that the omnidirectional

intensity for protons with energies greater than 40 Mev is on the

order of 2xlO 4 protons/cm2-sec in the heart of the belt.

2.2.1.2 Electrons. Holly, et al. (Ref. i0) have

published data of measurements of the inner-belt electron spectrum.

The shape of the differential electron spectrum is shown in

Figure 2.3. Estimates of the maximum unidirectional intensity for

electrons of energy greater than 20 key are given by Van Allen

(Ref. ii) as on the order of 2xi09 particles/cm2-sec-ster. To these

estimates are added the Explorer VI measurements (Ref_ 6) of

electron fluxes at the maximum intensity at -28 ° magnetic latitude

of about 2xi09 electrons/cm2-sec from 200 to 500 key, and about

ix107 electrons/cm2-sec greater than 500 kev.

2.2.2 The Outer Van Allen Belt

Thc energy .... _ .... _ _^ ^_^_- _r _ ......o_- _,_ ,.,_. _,,_ _-_,_,_-o_,o _- _,_ lower _d_ ui

the outer zone was measured by Cladis, et al. (Ref. 12). The

differential energy spectrum obtained from these measurements can

be represented by an expression of the form

AEP exp(-qE),

where p _ 1.60 and q _ 0.022/kev for E_50 kev, and A is a

normalization factor. In Figure 2.4, are shown both the differential

and integral spectra for the outer belt which have been derived from

recent Explorer XII data.
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The omnidirectional electron flux in the outer belt has been

the subject of considerable disagreement. The uncertainty stems

from the inherent error involved in measuring electrons unable to

penetrate the shielded instruments. The latest summary of the

electron intensities in the heart of the outer belt (5 Sept. 1961)

from Explorer XII data (Ref. 4) is given in Table II. The omni-

directional intensity of electrons above 40 key is on the order of

108 particles/cm2-sec.

TABLE II

ELECTRON INTENSITIES IN OUTER BELT

Energy Range (Mev) Intensity (electrons/cm2-sec)

°045 _ E <.060

.080<E <.ii0

5.0<E

(9 +16--6) x 107

(8 +15-5) x lO7

< 108

(2+1) x lO5

<loB

In Figure 2.5 are shown flux values for electrons in both

belts for both quiet and excited days.

Freeman (Ref. 13) reports data obtained with a set of CdS-

crystal energy-flux detectors on InJun I in July 1961 that indicate

the presence of an energy flux in excess of 50 ergs/cm2-sec-ster at
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approximately i000 km altitude. The particles are believed to be

either protons of energy 0.5 key _E_I Mev and/or other heavy ions

apparently trapped in the geomagnetic field. Freeman conjectures

that the existence of a flux of low-energy trapped protons with more

energy than all other particle fluxes at i000 km implies the

existence of an undiscovered source of low-energy protons for the

inner zone.

2.3 Solar-Flare Radiations

2.3.1 Frequency and Magnitude of Flares

Solar flares in general have an extreme time variability

which may depend to some degree on sunspot activity, since flare

occurrence apparently varies roughly with the sunspot number, with

a period of approximately ii years. A plot of the "annual mean

sunspot number" showing this cyclic variation over the past century

is given in Figure 2.6. Solar flares are associated with sunspot

groups and range in size from Class i, often with a frequency of

two per hour, to the Class _3 with an average frequency of twelve

per year. Flares may be classified according to the characteristics

shown in Table III (Refo 14).
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TABLE III

SOLAR-FLARE CLASSIFICATION

Class "

--

1

2

3

3+

Duration

(.in)

5-20

4-43

lO-9O

2o-155

5o-430

Mean Area

(10 -6 visual hemisphere)

25

100-250

250-600

600-1200

>12oo

Maximum

Energy

102 Mev

1-40 Bey

A large flare that can generate 1033 ergs of energy during

its brief lifetime is a distinguishable process occurring at

unpredictable times, with characteristic emission of both electro-

magnetic energy and charged particles° In Figure 2.7 the frequency

of solar flares of class greater than 2 is shown with the monthly

mean sunspot number since July 1957. During the peak sunspot cycle,

Class 3+ flares may average one or more per month; however, during

July 1959, three Class 3+ flares were observed within six days.

The Class 3+ flares can be divided into two types: high-energy

and low-energy events. During the high-energy events, protons are

observed arriving near the earth with relativistic velocities and

have been detected with sea-level monitoring instruments. The

generation of high-energy radiation by the sun has been detected

on seven occasions: 28 February and 7 March 1942; 25 July ].946;

19 November 1949; 23 February 1956; 4 May 1960; and 12 November 1960o
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An energy spectrum for the great 23 February 1956 flare

derived by Winckler (Refo 15) from balloon data, ionospheric

effects_ and sea-level monitors is shown in Figure 2°8. This figure

shows the estimated prompt spectrum and the observed spectrum after

nineteen hours° Also included are the spectrum of a low-energy,

high-intensity flare of l0 May 1959_ observed thirty-three hours

after the flare_ and the estimated prompt spectrum for the

14 July 1959 flare°

Low-energy solar-flare events consist primarily of protons in

the energy range between 40-500 Mev; thus, the energy is sufficiently

low so that the particles are unobservable at sea level because of

the magnetic cutoff_ and atmospheric attenuation° Most of these

events have been detected by a combination of satellites, balloons,

and ionospheric techniques_ which involve radiation measurements at

high altitude°

The principal characteristics of low-energy solar flares have

been summarized by Winckler (Ref. 15)_

1. Within approximately one hour after the appearance of a

major flare_ charged particles are detected in the

vicinity of the earth°

2o Solar-flare protons are observed (as early as 30 minutes

after the flare), incident over the polar region above

about 60 ° geomagnetic latitude°

3. The measured energy spectrum decreases rapidly with
increasing energy according to the relation N(_E) = CE -k

where k has several empirical values ranging from 4 to 6.

The spectral dependence is rather steep, such that few

particles of high energy are present in the moderate-

intensity events°
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4. If the solar-flare particles pass near the earth during a

geomagnetic storm, the particles may enter the earth's

atmosphere at normally forbidden latitudes, below geomag-

netic latitudes of 50 ° .

5. The intensity of the solar flare decays in conformity with
a t-2 relation.

6. The total particle flux in free space from solar flares ma_
vary from the cosmlc-ray background level to as much as lO

particles/cm2-sec.

2.3.2 Radiation From Flares

/Although the major radiation component from solar flares

consists of protons, some solar gamma radiation and heavy particles

have been detected. Rocket observations have indicated that the

variability of the solar x-ray output is a function of solar activity.

Solar x-rays have been detected by Chubb, et al. (Ref. 16) with an

energy flux of 10-5 ergs/cm2-sec in the energy range of 30-90 key.

Winckler, et al. (Ref. 17), using 30-key x-ray absorption-coefficient

data to extrapolate from the altitude of measurement, report an

incident flux of 2x107 ev/cm2-sec on the top of the atmosphere.

Measurements by Bhavsar (Ref. 18) after the lO May 1959 flare

give peak gamma-ray intensity as 54 photons/cm2-sec and auroral

x-ray intensity as 539 photons/cm2-sec for E_22 key, measured

lO gm/cm 2 below the top of the atmosphere. From one observation

during the 12 November 1960 flare, Biswas, et al. (Ref. 19) gives

intensities in the energy interval 42.5 to 90 Mev/nucleon for

s-particles and heavier particles as about 12 and 0.2 particles/

cm2-sec-ster, respectively.
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2o _Jo3 Space Distribution and Anisotropy

In the arrival near the earth of charged particles from the

sun, it is observed that the high-energy particles arrive ahead of

the low-energy particles. Subsequent to the onset of the flare, a

directional flux of high-energy particles has been observed to last

from ten minutes to nine hours, followed by an isotropic flux of

lower-energy particles lasting several hours° After an analysis of

the data from the flares of 4 May, 12 November and 15 November 1960,

McCracken (Ref. 20) observed that the flux was greatest from a

direction west of the sun. During the 4 May flare the flux was

maximum from, and symmetrical about, a direction 55 ° west of the

sun and lOO north of the ecliptic for more than nine hours after

commencement of the flare. For the 12 November flare the anisotropy

persisted for about four hours, with the flux symmetrical about a

d_*_ 40 ° west of *_ ...... _ wit _ a magn_*1_de _ou_ twice that

from the opposite direction° After four hours the radiation was

isotropico For the 15 November 1960 flare, the radiation was highly

anisotropic for about 45 minutes after the commencement of the flare;

within 90 minutes the radiation was essentially isotropico During

the anisotropic phase of the event, radiation was arriving from a

direction to the west of the sun for 30 minutes before there was any

significant flux from the opposite direction. From these observa-

tions, McCracken formulates a working hypothesis of an interplanetary

magnetic field in which magnetic lines of force from a large sunspot

near the western limb extend to the vicinity of the earth and in

which small-scale irregularities exist in the field lines. These
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irregularities violate the conditions for the invariance of the

magnetic moments of the cosmic rays. Such numerous small-scale

irregularities, which result in small-scale scattering of gyrating

particles, explain in general terms the angular distribution of solar

cosmic rays of the 4 May flare as well as at other times when the

solar protons are generated near the western limb of the sun. Such

a model also provides a qualitative explanation of the time disper-

sions observed during the period of effects produced by flares

occurring near the western limb. The experimental data on the flare

effect and on the short-lived decrease in the intensity of solar

cosmic radiation preceding Forbush decreases are in agreement with

either the Gold "Bottle" model (Ref. 21) or the Parker "Blast" model

(Ref. 22), provided that the concept of small-scale scattering centers

is added to these models (see Fig. 2.9).

McCracken Model
ACTIYE
J(.J Nf POT

FIGURE 2:.9.

\
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The angular distribution of particles from the solar flare of

28 September 1961 reported by Van Allen (Ref. 23) was markedly

anisotropic as measured on InJun I at lO00 km altitude. The isotropy

of the greater portion of the solar proton flux is presumably due to

the operation of a storage mechanism in interplanetary space.

2.4 Primary Cosmic Radiation

For many years, primary cosmic radiation has been studied from

data obtained with balloon, aircraft, and rocket flights to the top

of the earth's atmosphere. More recently, the interplanetary cosmic

radiation data have been collected through the use of space probes

such as the Pioneer series and the Soviet Luniks. An extensive

survey of the origin of cosmic radiation, theories of the geomagnetic

effects, experimental results of stratospheric flights, shower

effects, and meson components is given in Reference 24.

T--he free-space intensity measurements from _-_ Pioneer V space

probe indicate a free-space flux value of 2.5 particles/cm2-sec,

which is in fair agreement with the reported value of 2.3 _0. i

particles/cm2-sec from a Lunik probe (Ref. 25).

Spectral data have been fitted to expressions of the form

N(_E) = Cl(C2+E) -k,

where C l, C2, and k are constants° For example, Winckler (Ref. 15)

finds that the galactic protons may be represented by
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N(_E) _ 0.3(l+E) -1"5 particles/cm2-sec-ster,

where E, in Mev, is valid from 5xlO 2 to 2xlO 4 Mev.
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IIio METHODSFOR CALCULATION OF DOSE

3.1 Basic Shieldin$ Problem

The radiation hazard due to ionizing radiation which may be

encountered in cislunar space has been studied with increased

interest since the discovery of the radiation belts around the

earth. An adequate definition of a representative source term

remains the largest problem in evaluating the magnitude of this

hazard. Also, questions such as the manner in which the dose should

be calculated cause some confusion in the definition of an allowable

dose. Studies to date of the radiation hazards to space flight have

defined "dose" in two different ways. One method calculates the

energy deposited at the surface of a tissue target by the primary

and, on occasion, secondary particles (Ref. 26); while the other

technique computes _ .... _ ........ *^n _^_*__ _,i=_j-_ _,_-dose _**_erE _ a

highly idealized body "phantom" (Refo 27). Under the assumption

that the radiation source term is sufficiently well defined, the

potential hazard due to primary particles can be determined within

acceptable limits. As will be shown in Section V, the secondaries

produced in the vehicle structure and shield by primary protons may

contribute an appreciable fraction of the total dose received.

The equations which are described in the following sections

were developed to investigate the relative importance of the

secondary radiation for various composite shield arrangements° The
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assumptions made in the calculational methods should give an upper

limit to the secondary-dose contributions, although it is believed

that they are not unduly conservative.

The vehicle structure-shield system in a characteristic solar-

flare or Van Allen belt radiation environment used for this study

is shown in Figure 3°1° The proton radiation source is assumed

isotropic and of a given energy spectrum. The spherical shell chosen

Shield

t P

Target

!

FIG. 3. I SPHERICAL SHIELD SYSTEM GEOMETRY.
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to represent the system is assumed to have a ratio t/R_l, where

t is the material thickness, R is the radius of the inner surface,

and x is a distance from the outer surface measured along the

radius vector. The restriction is made that R be large so that

the surface of the shield may be treated as a plane. A further

restriction is made that t be less than several mean free paths

(A) thick to the incident primary particle whose energy will just

permit it to reach the target (Sec. 3.2.1). This limitation in

shield size is not too restrictive, since _ is approximately

60 gm/cm 2 in most materials for the energies of interest. The

restriction on t will be discussed further in the section on

secondary calculations (Sec. 3.2.2).

It is assumed that the shield is in the field of an omni-

directional proton flux _p(E), protons/cm2-sec-Mev. With such an

omnidirectional source term it is relatively easy to formulate an

equation in terms of the incident energy which gives the dose at

the surface of the target volume shown in Figure 3.1. A method is

outlined in Section 3.3 by which dose values calculated for the

geometry of Figure 3.1 can be used to determine dose levels inside

a realistic space-vehicle geometry.

The equations for calculating the primary and secondary dose

are described in the next several sections, but, before the methods

of calculation are discussed, certain salient features in the

calculation of dose will be emphasized. For this study, the dose
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due to primary and secondary radiation is calculated for a

differential depth, dx, at the surface of the target. It appears

that the whole-body dose described in Reference 29 seems to have

little meaning in the case of ionizing radiation due to the energies

expected in space. As pointed out by Schaefer (Ref. 28), for a

particular incident spectrum, the whole-body dose may be at an

"acceptable level" while the dose near the surface of the body is

excessive. This condition is, of course, due to the self-shielding

capacity of the body by which the intensity of the radiation is a

decreasing function of depth in the material. The preferable

procedure is to look for the point of maximum dose and use this

point for determining the permissible design dose level. The depth

dose patterns due to primary-proton energy deposition in a body

phantom are shown in Figure 3°2 for different prefiltration

thicknesses and two different-type incident spectra: Van Allen

inner belt and the flare of i0 May 1959 (Ref. 28). Schaefer's

review on radiation-dose criteria for space operation (Refs. 27 and

28) are well-known works in this subject area.

Radiation dose values obtained from this study are reported

herein in terms of physical (rad) rather than biological (rem)

units. In this way one may use his own preferred RBE to convert

from physical to biological dose. Use of the RBE factors with a

non-differential physical dose, i.e., one in which the energy

integral has been performed, is described in Section 4.7. The
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basis for calculation of surface dose (differential-surface might

be a better name) or, for that matter, depth dose due to protons,

is generally taken to be the LET (linear energy transfer) for the

particle at the point of interest_ ioeo, the rate of energy loss

in terms of Mev-cm2/gm which is directly related to the tad dose.

The manner of defining the LET for protons and neutrons at the

surface of a target is given in Section 4.7 based on calculations

by Gibson (Refo 30). A graph is also given (Fig. 4.45) for the

flux-to-dose conversion, using the definition of LET given in that

section.

3.2 Calculational Equations

The equations developed in this section are for the calcula-

tion of the primary and secondary surface dose received by a target

for the system shown in Figure 3.1. The geometry and equations are

the result of compromise between a completely realistic structure-

shield configuration and a manageable-size computer code° A

"Proton Attenuation Procedure" (PAP) was coded in FORTRAN for the

iB[_-7090 using these equations and is outlined in Appendix B. Use

of the results from PAP for design purposes will be described in

Section 3.3.

3.2.1 Primary-Proton Component

The model chosen to describe the dose due to primary protons

at the skin of the target is relatively simple in form for the

geometry used (Fig° 3.1). The model equation is in terms of the
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incident energy at the shield rather than at the target because of

difficulties in predicting attenuation and exit energies.

The equation for dose, in rads/unit time, as a function of

slab thickness for the case of a composite shield is

Emax t

,.*(t) d
(3.1)

where

_p(E') is the isotropic flux of protons with E' incidentenergy

at the shield outer surface, units of particles/cmY-sec-Mev;

t

exp'-Idx'op(E',x')lis the flux intensity attenuation due to nuclear

[ J ] collisions, where _p is equal to
0

ereaction (E') for a non-hydrogenous shield and

_reactlon(E')+_elastic hydrogen (E') for a hydrogenous
shield;

Sp(Et) is the surface dose per unit flux at the target, where Et,
the proton energy at the target, is a function of the energy

incident on the shield, shell composition, thickness and

material ordering (the flux-to-dose relationship for protons

is given in Figure 4.45);

E*(t) is the minimum primary-proton energy necessary for the proton

to penetrate the shield (described later in this section); and

Ema x is the maximum energy of the incident spectrum which will be
considered.

The degradation of energy of the protons as they pass through

the shield is assumed to be by ionization and excitation of the

electrons in the material and not by nuclear collision. It is
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assumed that elastic collisions are not an important means of energy

degradation (except for the case of hydrogen scatter), and scattering

with shield nuclei heavier than hydrogen is predominantly straight

ahead. A description of the way in which the energy degradation is

determined is given in Appendix A for the particular case of a target

at the center of the system where the angular distribution of the

radiation need not be considered.

Although Equation 3.1 may appear quite simple in form, its

solution is particularly subtle due to the rapid variation of the

integrand for energies near E*(t). Plots of the integrand are shown

in Figure 3.3 for several different polyethylene slab thicknesses

and radiation spectra. A short description is given in Appendix B

on the method selected for performing this integration on the
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3.2.2 Secondary Components

The high energy of the primary protons in solar-flare and Van

Allen spectra make it necessary to consider the secondary component

resulting from nuclear collisions in the shield. Much as in neutron

reactor shields, where the secondary-particle dose may be as

important as that due to the primaries, the secondary component

produced in a high-energy proton shield must be analyzed. For

energies greater than about i0 Mev, it is certainly possible for

secondary particles to cause further reactions (tertiaries) in the

slab and, thus, greatly complicate calculations of the total "non-

primary" dose. The restriction on the thickness of the shield

(several mean free paths to the primaries) is used in the model

development in order that the tertiary protons need not be considered

and the tertiary neutrons can be handled implicitly through the

removal cross sections described in Section 4.6.

The calculation of the secondary-partlcle dose, DS(Rt) for an

arbitrary geometry (Fig. 3.4) and primary spectrum is given by

DS(_t) =/d_./d_/dE Ns(_,E,_) • Ss(Et), (3.2)

where

Ns(_,E,_ ) is the secondary-particle source term which is produced

by the primary particle flux _p(E',_');

Rt-r ,_,E, Et) is the transfer function of the secondary_particle

and/or its tertiaries from the location r in the

shield to the detector at Rt;

5S



Ss(Et) is the flux-to-dose conversion for the secondary-particle
energy, Et which reaches the target; Et = t(Rt,r,E);

d_ is the differential volume element; and

d_ is a differential element of solid angle measured from the
secondary-source location at r.

Primary

Target

0

FIGURE 3.4. SECONDARY-SOURCECOORDINATES
( ARBITRARY GEOMETRY)
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For the spherical geometry considered in this study, the

volume integral is of a particular tractable form

d9 - _Z d_ d_v d_v

for the origin located at the center.

source term Ns($,E,_ ) can be written

Because of _ symmetry, the

Emax I

E*(_) _*(E',x)

exp

0

o[ (E", X)fs (_.", _.;_ ', _),

(3,3)

where

E') is the isotropic proton flux of energy E' incident on the
shield (proton/Mev-cm2-unit time);

_(E",x) is the production cross section for the particular particle
in question at the energy E", which is the degraded primary-

proton energy at the point x in the shield defined to be

_eactio_E")_s(E"), where _s(E") is the average number of

particles of type s given off per reaction; and

fs(E",E;_',_) is the secondary energy and angular distribution such
that

1 E"
f- F

2v/d_/dE fs(E" E;_'
, ,_) : 1. (3.4)
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exp[- _ dX'Op(E',x')]accounts for the primary-particle intensity

attenuation to the secondary-source location due to nuclear colli-

sions, where Op was described earlier in Section 3.2.1 in conjunction

with Equation 3.1.

The lower limit on the energy integral in Equation 3.3 is the

minimum energy E*(x) of a proton incident on the shield which will

reach the point x and cause the resultant reaction product of type

s. The upper limit is the maximum energy of the incident spectrum

which will be considered° The limits on the incident cosine integral,

_';can best be explained by Figure 3°5o
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For each proton with energy E'there exists a unique angle,

_c(E',x) for which the proton with _c will not penetrate to the

proposed source location• x. The lower limit on the _' integration

is, thus•

x)°• C J •

and the upper limit +l is for normal-lncldent protons.

It might be pointed out that since the 1/l_t-_l 2 term of

Equation 3.2 will cancel with the p2 term in the volume element d_,

neither the p2 nor l_t-_l -2 terms will appear in the following

equations° For the geometry considered (Fig. 3.1) the volume-

element differentials, d_v and d_v are replaced by the factor 4_

in the following sections.

The integrals over the secondary-particle energy E and _ will

be described in detail for the various secondary components in

Sections 3.2.2.1 through 3.2.2.3.

The model for calculation of the secondary-dose components

must• by necessity, be handled in a highly approximate fashion,

unless one wishes to use Monte Carlo or some other sophisticated

technique. Previous studies which have considered the secondary

components (Refs. I and 32) have not made it a point to give the

assumptions made in the construction of their model equation.

Although the treatment in this report is quite similar to the

methods used in the aforementioned references• a description of the

models and some of the approximations used will be given in the

following sections.
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3.2.2. I Secondary-Proton Component. Secondary protons

(reaction products or inelastics) will arise from virtually any

nonelastic collision of a primary proton with a shield-material

nucleus. The most important charged-particle reaction product

which appears to be a hazard is the direct-interaction (cascade)

proton. This component will range in energy from the "causing"

energy, E", at the source down to about i0 Mev.

Definition of both the limits of integration and the explicit

terms for Equation 3.2 will be used to represent this component of

the dose. The secondary-proton dose, D_(t), received by the target

for the geometry of Figure 3.1 is

t E"

0 E+(t-x)

T[(t-x),_,E, Et] ° Sp(Et),

where

r _-_ ]

T[(t-x),_,E, Et] includes both energy degradation and intensity

attenuation of the secondary particles of type s

from birth place to the inner face of the shield;

Sp(Et) is the flux-to-dose conversion for a secondary

proton of degraded energy Et; and

Nsp(X,E,z) is the secondary-proton source term given by the
expression
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Nsp(x,E,p,) -

Ema x 1

J •
_E*(t) _*(E',x)

x/_'

exp - dX'Op(E',x') OPsp(E",X)fsp(E",E;_',_t). (3.6)

0

The lower limit, E*(t), on the energy integral is the minimum

incident energy of a proton that will get through the shield, not the

energy required to get to x, the secondary-source location. This

by a primary proton of energy E" corresponding to an incident energy

less than E*(t) will not get through the minimum remaining portion

(t-x) of the shield.

The lower limit on the secondary-proton energy integral E+(t-x)

is the minimum energy which a secondary proton can have at birth in

order to reach the target. The equation is best suited for coding

on the computer if the integrals over incident and secondary energy

are interchanged to give the resultant equation

t Emax E" 1

Dp(t)- )4_/ dx/ dE' f dE / d_ { ½f d_' (_p(E') •
0 E*(t) E+(t_x) _*(E',x)

x/_'

exp[- dX'Op(E',x') O_p(_",_)f_p(_S",_,_',_ I "
0

•[(t-x),<_,_t]Sp(_t). (3.7)
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A question which immediately arises concerns the assumptions

necessary in order to construct an equation which is more tractable

than Equation 3olo The integral over _ can be greatly simplified

on the basis of several assumptions enumerated below:

io • [(t-x)_E_Et] : _(_-_o ) A_t-x),E,Et] , where it is
assumed that only those secondary protons that start in
the direction of the target contribute an appreciable
fraction to this component of the dose(_ o in the direc-
tion of the line connecting the source and target).

0 Secondaries are predominantly given off in the forward

direction, that is to say, with small scattering angle.

Under this assumption_

ll IE"d_ dE fsp(E"_E; _',_)

- 0

: 1 (3°8)

can be replaced by

I , ,d_ dE fsp(E",E; _ ,1)_1, (3.9)

0_o

where _o_*(E',x) is so chosen that in the interval
1),

E" : E"(x/_',E') is essentially constant; thus,
E"_ E" (E' x)$ o

o The mean value theorem for integrals can be used to

eliminate the integral over _'o

The angular-dependence factor of Equation 3°7

d_' exp JdX'Op(E',x' ) o

_*(E" _X) 0 --

l d_ fsp(E" E

I_ 1

_) _ _t-x),_,E,Et_ (3o10)
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can, on the basis of these assumptions, be written in the form
x/_ '

0

For Equation 3.10, E" is the reaction "causing" energy

(3.!!)

E"(E'x_'), and in Equation 3.11, E" is the like term after the

mean value theorem is applied. The function g(E",E) is used to

represent fsp(E",E;_',_) after integrating over _ the integral in

which the Dirac delta function and f appear.
sp

The secondary-proton equation for the dose, D_(t), at the center

of the system (Fig. 3.17 is

t Ema X E" x

" f f IfDS(t) - L>TrJ dx dE' dE (E') exp - dX'Op(E' x')_p , I •

P 0 E*(t ) E*(t-x) 0 '"

o p (E",x)g(E",E)_ • A[(t-x),E, EtlSp(Et).
sp - -

(3.12)

Equation 3.12 was solved numerically on the computer to give the

secondary-proton dose components reported in Section 5.3 for several

shield compositions and thicknesses.

A[(t-x),E, Et], considers energy degrada-The transfer function

tion by using the range-energy curves for the materials and intensity

attenuation by using the term

t

X

where _p(E,x') was described in connection with Eq. 3.1.
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On the basis of the model described above, the secondary proton

component can be evaluated if sufficient information is available on

the normalized secondary-energy spectra g(E",E). In order to solve

Equation 3.12 it is necessary to evaluate the following integral:

E T'

_ dE g(E",E) o A[(t-x),E, Et]. Sp(Et).
+(t-x)

(3.13)

One method of evaluating the above integral is to determine an

average secondary energy E (Ref. 33),

m I!

0

• E"

,E)I d]_/_ 0 g(E",E)dE,

(3.14)

and to say this energy is equal to the energy _(t-x) found by

evaluating Equation 3.13 by the mean value theorem°

is then represented by

E"

E t-x)

Equation 3.13

(3.15)

Clearly, this is a very questionable method of treatment, since

very possibly E(E") can be less than E+(t-x), the minimum energy

required to get through the remaining portion of the slab from a

particular secondary source point° Judicious choice of a "weighted-

mean" (and not an average) energy _(t-x) can be determined by

evaluation of
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m I!

: +(t

E"[f .
E+( t-x )

(3.16)

At best the representation of the secondary-energy integral by

the average energy E(E")must be considered usable only when complete

data are not available on the secondary-energy spectra and some

order-of-magnitude answer is necessary, However, an option is

available in the procedure for the handling of this concept.

It was found in the course of analysis of available secondary

spectra that a relation of the sort

g(E" E) = k tan _ (1-E/E") (3 17)
_ "

is a good representation for the secondary spectra for energies

greater than about 5_ of E". Thus, a subroutine is included in

the computer program which uses this approximation to the normalized

secondary spectrum g(E",E).

A subroutine, DURP, is also available in the program, which

determines from input tables the spectrum as a function of causing

energy E" and secondary energy E. This option can be used when

adequate data are available.
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Cascade-Neutron Component.3°2°2°2

products resulting from proton bombardment can be described on the

basis of two models: compound-nucleus formation followed by decay

(evaporation), and the direct-interaction (cascade) model. The

cascade-neutron component is distinguished by its predominantly

forward direction at production and its high energy, ranging from

causing energy E" down to about i0 Mev. Further description of this

component is given in Section 4.3.2°i.

The development of a model for calculation of the cascade-

neutron component of the dose parallels that of Section 3.2.2.1 for

secondary protons, with the same general assumptions and approxi-

mations. The main differences in the equation are in the limits of

energy integration and the form of the transfer function

• [(t-x),_,E, Et]. Equation 3.18 gives the cascade neutron component

of the dose deposited in the unit-volume target for the system in

Figure 3.1 on the basis of the secondary-dose equation (Eq. 3.2):

High- energy n eu t ron- rea cti on

@

t Ema x E" x

DS (t) :21r/dx/.cn dE'/ dE_(_p(E')exp[- / dx'(_p(E',x')] .

0 E*(X ) E+ 0

_Pcn(E",x)g(E",E)I A[(t-x),E] Sn(E ).
(3.18)

In the above equation, E*(x) is the minimum proton energy

necessary to get from the incident face to the point x; E_ the

lower limit on the secondary-energy integral, is the cutoff energy

64



below which it is assumed the cascade neutrons are not produced.

transfer function A[(t-x),E] is given byThe

]}A[(t-x,E] = exp SUM [g_(E)ti]- En(E)[S__UMI(ti)-x ,
[i=n+l r

(3.19)

which represents the relationship between the cascade-neutron dose

at its point of origin to that at the target. Through the defini-

tion of a removal cross section Zi(E) for each material i the
r

energy degradation and intensity attenuation of a neutron of energy

E can be considered. The method of determining Z_(E) is described

in Section 4.6 for the case of a one-material shield. Figure 3.6

shows how Equation 3.19 would be used for a shield composed of 5

segments (N = 5 for this example).

\ _l:s_(t_)-x

i=n+l i

,, N
t = SUM(t i)

i--i

\ N: 5

\ \
\ n-- 2

\
\

t2 t4

/ \ / \ \ "+

FIGURE 3.6. REMOVAL-CROSS-SECTION TERMINOLOGY
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The flux-to-dose conversion Sn(E) for neutrons is described in

Section 4.7 and is shown in Figure 4.45.

The concept of average energy appears to work rather well for

cascade neutrons because of the slow variation of the flux-to-dose

function Sn(E) and the fixed lower limit E t on the energy integral.

The same functional form tan _(I-E/E") as used in the secondary-

proton-spectrum representation can be used for cascade neutrons.

Double interpolation in terms of causing energy E"(x) and secondary

energy E can be used as one option for the secondary spectra if

sufficient input data are available.

The restriction on shield thicknesses to less than several mean

free paths to E*(t) incident-energy protons was made primarily to

hold the tertiary neutron and proton contribution to the total dose

to a minimum° However, tertiaries are included implicitly through

the removal cross sections.

3.2.2.3 Evaporation-Neutron Component. Evaporation neutrons

are the result of any neutron-producing proton reactions considered

in this study. They can be produced by the de-excitation of a

compound nucleus formed when a proton strikes and reacts with a

nucleus in the shield or by de-excitation after the cascade process

leaves the resultant nucleus in an excited state.

The energy spectrum of neutrons from this component is quite

different from that for cascade particles, with the majority of the

neutrons given off having energies less than about 5 Mev. The energy
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distribution of evaporation neutrons can be described by a statistical

model, as outlined in Reference 31, with an assumed and experimentally

verified isotropic angular distribution.

The equation for the evaporation-neutron dose received by a

target shown in Figure 3.1 is given by

t Eex

D ,S (t) -- 4 dx dE d_

0 0

where Eex is the excitation energy of the compound nucleus, minus

the binding energy per nucleon, before the evaporation phase begins.

The equation for the evaporatlon-neutron source term (with no

angular dependence) is

Emax 1

_en<X,_'" _f _' f_,_' @_o¢_',•
E*(x) _*(E,,x)

X_ !

exp[-f
0

Nen(X,E,_) • x[(t-x),_,E, Et]Sn(Et), (3.20)

O_n(E",x) fen(_",_), (3.21)

where the same notation is used as for secondary protons and cascade

neutrons, fen(E",E) is the normalized secondary evaporation-

neutron spectrum such that

Eex

f f"dE _

0

fen(E",E) = i. (3.22)
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The approximations necessary to eliminate the _ and _' integrals

are not as straight forward as for the other two components. The

tacit assumption will be made that, on the average, the lower limit

_*(E',x) is equal to 1/2 for each energy E' and position x in the

shield. It will also be assumed that exponential attenuation to the

secondary source location can be approximated by _'=i. The same defini-

tion of the transfer function as in the case of cascade neutrons is

used, namely,

•

where _o is the unit vector parallel to the line connecting the

source and target (radius vector)° The "straight-ahead" assumption

used to consider the angular distribution of the previous two

components of the secondary dose cannot be used here, since the

assumption of a peaked secondary angular distribution used in

Equation 3.9 does not apply for an isotropic secondary source° It

will be assumed that

1 Eex

g 0

68



ThuS

t Emax Eex x

o E*(x) o 0

_Pen(E"'x)fen(E"'E_ A [(t-x),E Sn(E)] (3.24)

for the evaporation neutron dose at the target shown in Figure 3.1.

Equation 3.24 was coded and solved numerically on the computer to

give the evaporation-neutron dose values reported in Section 5.3.

Analysis of the evaporation dose in relation to the other

components will be given in Section Vo

3.2.2.4 Other Secondary Components° Other secondary components

(alpha particles, mesons, heavy sp_ilation products; etc.) were not

considered in this study because of a low estimated contribution to

the total dose. These components of the secondary radiation and

accompanying nuclear de-excitation gammas are all produced by high-

energy protons; however, because of the relatlve softness (steepness)

of the normal flare spectra_ the production of secondary particles

in this group should be low in relation to the components already

considered.

3.3 Practical Design Calculation

The use of the data reported in Section 5.3 on the primary and

secondary dose for various combinations and thicknesses of material
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is of immediate interest for evaluating the design of space vehicles°

Because of the "straight-ahead" assumption used in considering the

secondary transport and the idealized geometry (Fig° 3.1), it is

necessary to make several further assumptions in using these data

in practical design.

It will be assumed that the dose received by a target in a

realistic vehicle geometry (Fig° 3°7) due to a particular component

of the radiation of type S is given by the equation

where DS(_t) is the dose (divided by 4_) due to the radiation
component of type S (Seco 5.3) for the_slant
thickness t at the particular point rt;

dA is a differential area element;

is the cosine between r t and the normal to the
surface at that point; and

r t is the distance from the target to the shield at rto

The notation_ refers to 4_-solid-angle integration°

FIGURE 3°7. VEHICLE COORDINATESAND GEOMETRY
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The obvious need for extensive parametric data is evident if

composite shields are to be considered by this method. Refinements

to these calculations are suggested in Section 6.3.
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IV@ EVALUATION OF INPUT DATA

In this section, a brief description is given of the avail-

ability and reliability of some of the data necessary for shield-

ing calculations@ These data and topics include the incident

spectra, cross sections, and dose definitions@

4ol Incident Spectra

The differential energy spectra used In this study were the

Freden and White inner-belt proton spectrum (Fig° 2ol), lO May 1959

proton solar-flare spectrum (Fig° 4_1) derived by differentiation

of the integral spectrum, and the 23 February 1956 proton solar-

flare prompt spectrum (Fig@ _ol) obtained from Figure 2.8@ These

spectra were chosen for several reasons_ (1) available data,

(2) representative spectral shape, and (3) assumed intensities

typical of what could be encountered in space°

Complete analysis of the time variation of flare intensities

after onset is not presently adequate for shielding studies;

however, with conservative estimates_ as described in Section 5°2,

some conclusions can be drawn as to the importance of these

radiation sources°

4°2 Cross Sections

4.2@1 Terminology

The following terminology will be used for the various cross

sections discussed:

lo a t is the total nuclear cross section: total cross

section for neutrons; total minus coulomb scattering

for protons@
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2. _e is the nuclear elastic scattering cross section,

or diffraction scattering cross section (neglecting

coulomb scattering for protons). It includes all

contributions for which the energy of the scattered

particle is equal to that of the incident particle

in the C. M. system.

3. _ne is the nonelastlc, absorption, inelastic, or

reaction cross section. These terms are used

synonomously in the literature. _ne _ _t-ae includes

all nonelastic processes.

4o2.2 Total and Nonelastic Cross Sections

The total and nonelastic cross sections obtained from the

literature are given in Tables IV and V, respectively, for both

neutrons and protons with energies above 25 Mevo Values for

neutrons below this energy are given in BNL 325 (Ref. 33) and are

not included here. An excellent source of measured total neutron

cross sections between 16 and ll8 Mev is given in Reference 34,

where the values are tabulated for H, C_ Alp Cu, Cd_ Pb, and U.

Because of the large Rutherford scattering cross section at

small angles_ total nuclear cross sections for protons are

determined by extrapolating the results of "poor" geometry measure-

ments to "good" geometry conditions. Various corrections for

coulomb scattering and coulomb-nuclear interference are made in

some cases. This method becomes increasingly difficult as the

atomic number (Z) of the target nuclide increases. Therefore,

measurements of total nuclear proton cross sections do not exist for

elements with atomic numbers above 29 (copper).

75



;>
H

r_

<

r_

H

O

0"-_"

O

O

O

O

4-_

pq
OL'-- 001._ *

OJ_CO _ .CO _ _'L_"B+U+l+i+[=:t+l+l +1

o0 0d I._LO LO CO (O kO
b- O I.f_ t_ t.f_ Lf_ _ kD
e-i r-t

O

+l +8+1+!+1 +l _-'
CO 0.1 0 kO kO CO 0
Lch _---00 kO _-- _ kO

Ll'h

+i
0
OJ
Od
r-t

I'_ • 0

r-100 c¢_..._' m-l.o,t (v-_0rl

+n+i+l+u+l+l+l+l
Ohl.l'hO00_Ll'_kO CO b--kO 0 00J
O0 000 L_--O0CO C_O_O Ol-.-I'-.-t"
0 Ll_ 0.1 0.10,10,1 0,101 Or_¢¢'_Cv_C_
r--I

0
t-I O¢_-,H"

+I +I+_ +I

Col,-IC)'_I/_ ,-I
I/'XtY_t",JC_I O_
O0-._" (Xl0,I 0,I

OkO O0
r-I r--I

C_I0 ,--I 0o_
0_00 0 l.Cx0_I
tFxLC_C,_ b--CO

0 0
,-I00,-I or_

+1+1+_ +1

(_0_ ._ 0

+1
,--I
,-I

b--_kO -.ml" (_1 (_1

+1+1+15 +1+1+!

kO
L._ .._LO kO ,--t

o +1 +!+1 +1+1
0 -_ b--O_ (_kO

0 -.,_" (_t -.-I" _-_

b--

+I _ +I
G

co0'_ O_ 0"_

oe_ _ CO

o
CO b-- O_CO _ 0+1 CO

e 0 0 0

r-t 0riO o,t ,-t r.t t--I

Or'j o
0 CO _il'h.._" t'v'_t'¢_

OhO Ol

¢1 kO _--CO COCO CO r"l CO CO CO O0
IIi (v'_('¢5C¢_ ¢¢'/Cv'I _'_/-.-I" Iv'l Iv'_or't _-.-I"

0

o_.o o o o o o o o o o t_ I

oh _'_o0 Ll'hO0 0 e--I 0 Oh O'_kO

OJ

I ,SI
o • o,

,.-.-I'_ I._

+,
o + e

_0_0 cocO

-._1-..-_ u_ U"l b- u'_ OX 0
._1"._-I--_- -.,-I--.-I" -._" -.H- I!'_

.-_" COoO I._ 000 0 0
oq 0r_O r--I-_" OkO 0
r.-i r-i 0.10r_ 0e_-._l"CO 0'1

o

C
0

.r.-i

o

_2

o

o

b_
O

"O

@

@

@

4_

r-t

%
O

%
ID

<13

ID
r_

C
q_

,r-t
NI

4._
O

.._
cO
cO

II

%
O

r-t

I>

N1

%
ID

4._

O

4_

r.-!

%
O

@

o

@

Or-t

76



4_

0
C)

V

I>
i-I

..Q
c_

0

i

C)

(1)

,-.-I
C)

0

Z

O0 O0
t---_O L_,.._"

r--IO 0_1 (_1

0 O0

or) Or_r-.-I
0 0,I0,I
L_ or_Or}

0 0 0 0-._" 0 0 0

-=1"-..-t"Ol Ol (_1 t'_l t'tl 0,1

u_

0

Oa

c,_ OOL_O

Lf_ t'--_ O0
0,I OO00(30O0
Or_ r-I.--I,--I,--I

Or-I

CO00
r-I_-I

O_LO I._ 0 0 I._-.W"
,-t O_ ,-.-i 0,10_0r_,-I ,--I

(M _I ,--I ,--I ,--I r-i ,--i r-I

r-I
CC_
r-I

Or)
O_

0
4-_
0

D-,

0

r-I O_

c--I

0

0

0

L_- _-

O,IkO 00000 0000
-_- Cr_ b--O0 I._00 0 ,-I 00_ crlklD

0,10.1 or_ _ -._' L(_ l._kO t'--

0

O0

_-[_.

000
C_ ,--I

0000
LIDLO

-ml-O0 O0 L_O00 0 0
or_or_o ,--I-.H" OLD 0
r-t ,-I 0_1C_ _ O00_

-,-I

(D
4--)
43
e_
0
r_

0
.,-I

,--I

0

0
-r"l

0

0

0

,--I

4_
0

E-t

77



H

r_
r_

rj t_
H

0
Z

r-I

®

.,-I

@

0

.p

•-_¢_ 0
r_ ,.._ _ c_'! c_a) ..._- ..--_"

_o0 b-co _--_ _-_-0

0 c,_ O-.-I-0r_,--_oqkC)

&I+ D o
0_,-.I _ 0,Ir..-I0"_C_ ,.--Io'3

I_,-( O_ 0r_

_I_Io u._ _mLa_
t...- 00_ 0_0r_ 0_10 0 0
OJ OJ O_ 0.10J 0.10.1010.1

. , ,

0

0.1

,-¢

000
0 _- ._".-_-.

O_ 0 ,--I0
(3_,--I,--Ir-I

LI_ L_ 0 L_ 0
Od 0.1 _,--1 _'--

kIZ)O_ t---O0Lf'_
t_.t,,-L,_.t...-t.-

oJ u'_u_o o _- o_

kO r-I0 I_'__'_I._$"

0
r-_

0

0

r-(
_D

O_

kO
kO

O_
tF_

o

S .+l
oO l'-- ,-4 r4 r-I
1-41-1

,-.4

O_ 0 r-I ,-I 0
kO kOk_ I._

_'-00 _-000000 OOCOkO COCO00_Dk_O0 _

0
0

_" o 0_o _1
_ I_co Ou_O0

O_ r-Ioq

78



4

0
r..)

V

o=
p.-,

(D

cO
OJ
0
OJ

0
riO ,-I..._- 0 0,1 u'_ 0
cu0r_ _ 0,1o0-_'-.-1- or}

+1+1 +i+1+1+1+1+1
t'--_- 0 Lf_ Lt_-._" 0 0_--0
Crlt'--O_kO ,--I 0 (Xl-.=I- OJ or_
Or_O'_t'_-O0 t--t'--L'--CO _-0_
OJ r-.I _--1i-I r-I r--I r-I r-I f-I r...I

t'--.,,_ ,--I O_
,'-4 L(_ or_ ,-!

+I+I +I +I

LOO_ OGO 0_
_.:_- 00% L'--
LI_OJ Ol ,--I O
,--I_-4 H,--I r-I

C
O

O

0 0 0
0 _ O_

+1 +1 +i
0 0 0

cO Lf_
CO t-- O0

0

+1

0
r-I
r-i

L_ 0 0 0
L(_ t'--O LIfO Lf_.._" --,-I" t'-
,--I t'---kO kO L('_CO r-I OJ ,--I

+1+14-1+1+i+i+1 +1 +1
t'.-O0 O0 0 0 0 0
t--- C_'---._- ,--I r-IO0 _ kid
t'-.-.-I'kO t'-t'-O0 _ _

O0
L_,--! 00
,-I ,-I -.n" Lf_

+1+1+1+1

0000

0

kO
kO

r-I
I-4

0
_,'_0
,-i t_-

+I+I

O_C_
H

LO
r-I
i-4

O
O
I-I

+I

O
L'--
O4
,-I

O
I._ O

+,"_,_ o_ o I
o o 0" o o o o o

[._-.--" ,-! ,-I Or_0"_,-I Or_

79



The nonelastic cross sections for protons are somewhat

easier to determine from "poor" geometry measurements at high

energies due to the different angular distributions of elastic

and nonelastic particles (Ref_ 62)°

At intermediate energies (a few Mev to about 50 Mev), the

angular distributions of elastic and nonelastic particles are not

sufficiently distinct to permit the above method of determination,

and use is made of the relatively large energy difference between

the two types of particles (Refo 60)o However, the ionization

losses for these low energies require the use of very thin absorbers,

which increases the difficulty of the measurement° 0nly recently

have measurements been reported for energies below 135 MeVo These

were at 34 and 61 Mev for C, A1, Fe, Sn, and Pb (Refo 60), and at

25 + 15 and 54 + 14 Mev for C (Refo 57)0

The total and nonelastic cross sections for C, A1 and Pb are

shown in Figures 402 through 4o5o Comparison of these curves

reveals that, for corresponding energies and elements, the proton

cross sections in the energy range 100-1000 Mev are very nearly

equal to those for neutrons° This condition is in agreement with

the hypothesis of charge independenceo Thus_ reasonable estimated

values for the total nuclear proton cross sections for high- Z

elements may be obtained from the neutron values°

The nonelastic cross sections are very nearly constant in

the energy range 100-1000 Mevo The optical model for nuclear

cross sections expresses the nonelastic cross sections by the

formula of Fernbach, Serber and Taylor (Refo 68) in the form
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1- (I+2KR) e-2KR.I.2K2R 2

where R = r A 1-3/
O

number A, and K-1

is the radius of the target nucleus with mass

is the mean free path in nuclear matter. A

very good fit to the average experimental data in the region 200-

lO00 Mev is obtained for the values ro = 1o28 x lO -13 cm and

12 -1
K = 5 x lO cm o The theoretical and average experimental values

are shown in Figure 4°60 A simpler expression which also fits this

data reasonably well is given by

a = 0.034A 0°737 (barns)
ne

Theoretically, the total cross section, K, in nuclear matter for

a uniform density of particles within the nucleus is given (Ref. 68)

by

where a

nucleus and

K = o /3 R3, (403)

is the average cross section per nucleon within the

for neutrons

for protons,

where _ , etco are the "effective"cross sections within the
np

nucleus. The theory of charge independence predicts Gnp = Cpn

and Onn = _PP" This equality is supported by experiment (Ref. 35)
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The cross sections such as O_p are not the free nucleon-nucleon

cross section, however, because of the effect of the Pauli exclu-

sion principle, which prevents small-momentum transfers, and the

momentum distribution of nucleons within the nucleus modifies these

cross sections (Ref. 46). A rough estimate of the effective cross

sections is given by an expression obtained by Goldberger (Ref. 69):

= _ --_ E>40 Mev (4 5)°xy(free) _ ° °

Determination of K values from these equations, however, does not

always agree ............w±_ _u_= obtained _--- _ ---_-- _^ ^-_^^_

model equation (Eqo 4.1)o

The total nuclear cross sections for various elements have

very similar energy variation for energies greater than lO Mev.

There is a rapid decrease in the magnitude of the cross sections

from lO to 150 or 200 Mev. This is followed by a region up to about

400 Mev where the cross section remains relatively constant. The

cross section then increases slightly to a constant value, as shown

by measurements within the range 800-1400 Mev° This increase is

assumed to be associated with the threshold for v-meson production

in nucleon-nucleon collisions - approximately 300 Mev (Ref. 46).

If the struck nucleus can be approximated by a "black disc", quantum

mechanics predicts a total cross section at high energies of twice

the geometrical cross section (°e = One = vR2) (Refo 31). Using

the most widely accepted value for ro of 1.28 x 10-13cm,

2vR 2 = 0oi03 A2/3 barns. This value is also shown in Figures 4.2
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through 4 5 Since the mean free path in nuclear matter, K-1
co ,,.

is not zero_ the nucleus is partially transparent to the incoming

nucleon, which is evident from the figures° This transparency

decreases with increasing mass number or nuclear radius and is

relatively small for leado

The various components of the nonelastic cross section for

protons on carbon are shown in Figure 4o3o The curves labeled

(P,3_)_ (P,_), (p_pn)_ (p_d), (p_P'-9o6 Mev)_ and (p_p'-_o4 Mev)

were taken from Reference 57° The dashed portion of the

!

(p_p - 4°4 Mev) curve is an extension of the data of Reference

57 to the value at 96 Mev_ obtained from the angular distribution

measurements of Strauch and Titus (Refo 70) extrapolated to 0°o

4°3 An_lar Distributions of Scattered and Nonelastic Particles

4o3ol Elastic Scattering Angular Distributions

The angular distribution of elastically scattered nucleons

for high energies is highly peaked at small angles° For this

reason there is very little energy loss or change in direction

incurred by the scattered nucleons° A fairly good approximation

to the angular distribution at high energies is given by the

expression

)
•_,,[-0_ e-e(l_ , (4°6)

where _ is the cosine of the scattering angle in the laboratory

system and _ is an energy-dependent parameter obtained from

experimental data° This expression provides a better fit for the
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neutron angular distribution than for the proton data which is

complicated by coulomb scattering and coulomb-nuclear interference

effects at angles of a few degrees. The coulomb scattering at

high energies is so highly peaked that it may safely be neglected

in shielding calculations° The angular distributions for 180-Mev

protons (Refs. 71 and 72) and 155-Mev neutrons (Ref. 73) elastic-

ally scattered by carbon (Fig. 4.7) are typical of the measured

data° The curves derived from Equation 4o6 do not agree with the

experimental data for large scattering angles; however, 96% of

the nuclear scattering cross section is included in the angular

regions in which results from Equation 4o6 do agree with the

measured values°

The energy dependence of the parameter _ (Eq. 4.6) is shown

in Figure 408 for C, A1, and Pbo The rate at which _ decreases

with angle, increases rapidly as the mass number of the target

nucleus and energy of the incident particle increases. The varia-

tion of _ with energy may be expressed by

a(E) = 8E T, (E in Mev) (4.7)

where the values of

Table VIo

and T for C, A1, and Pb are given in

TABLE VI

Angular Distribution Parameters

Paramet er

T

C

I o81

00656

J

A1

1 °53

O°788

Pb
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The approximate nature of these parameters is apparent from

Figures 4.7 and 4o8° However, the energy loss from elastic

scattering at high energies is negligible and Equation 4.7 should

provide a reasonable approximation for the small, but significant,

angular deflection.

4°3°2 Nonelastic An_ular Distributions

Very little data exist for the angular distribution of non-

elastic particles at high energies. At low energies (_0 Mev) the

theory of compound nucleus formation and subsequent evaporation of

particles (Ref° 74) has been very successful. This theory predicts

the angular distribution of the emitted particles to be symmetric

about 90 ° in the Co Mo system, and that the nature of the particle

emissions be independent of the mode of formation.

Experiments designed to measure the angular dependence and

energy spectra of nucleons emitted from 30- and 190-Mev proton

bombardment have shown that the angular distributions of emitted

particles of highest energy were not symmetric about 90 ° but were

strongly peaked forward (Refs. 74, 75, 76, and 77). Also, the

type of emitted particle was found to depend on the mode of

formation (incident protons resulting in a preferential emission

of protons, etc@). The high-energy emission was also found to be

greater than predicted (Ref° 76).

Contradictions such as these led to the direct-lnteraction

concept, in which the incident hlgh-energy particle interacts

with individual nucleons or groups of nucleons in the target
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nucleus which in turn collide with other nucleons (collision

cascade). Some of the struck nucleons will acquire sufficient

energy to leave the nucleus directly, predominantly in the forward

direction.

These particles are called cascade nucleons and their emission

leaves the residual nucleus in a highly excited state. The cascade

stage takes place in approximately lO -22 sec and is followed by

the comparatively slower evaporation phase (Ref. 77). Emitted

nonelastic particles are therefore designated as either cascade

or evaporation.

4.3.2.1 Cascade Nucleons. The angular distributions of

protons produced by 90-Mev neutrons bombarding C, Cu, and Pb have

been measured (Ref. 52) and are shown in Figures 4.9 through 4.12

along with the angular distribution of neutrons produced by 95-Mev

protons incident on C, Ai, Cu, and Pb (Ref. 78).

The angular distributions of emitted protons were measured

out to only 45°; however, the curves have been extended to 135 °,

using the measured angular distribution of all emitted charged

particles. This extrapolation is Justified by the high percentage

of protons per-average-emitted charged particle (-v85%) and the

agreement in the shape of the angular distributions out to 45 ° .

The measured angular distribution of emitted neutrons from

95-Mev proton bombardment extends only to 28 °. However, the

angular distribution of emitted cascade neutrons and protons are

expected to be very similar at high energies and, in addition,

should be independent of the nature of the bombarding particle

(neutron or proton)°
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The angular distribution of cascade protons emitted from

bombardment of A1 and U by 460- and 1840-Mev protons are shown in

Figure 4.13o These angular distributions were calculated by

Metropolis, et alo (Refs. 79 and 80); using a Monte Carlo proce-

dure. The data for A1 and U have very nearly the same spectral

shape within the energy interval of 30-90 Mev and for

E = 90 Mevo Therefore; it appears that the angular distribution of

cascade particles is relatively insensitive to mass number at

these energies° The experimental data at 95 Mev (Figs. 4.9

through _o12) show a slightly larger dependence on mass number,

with the emitted particles concentrated more at forward angles

for the lower mass numbers.

The angular distributions shown in Figure _.13 indicate a

marked dependence on bombarding energy for large angles of emission.

However, there is very little difference in shape between the

460- and 1840-Mev results for small angles° Since most of the

nucleons are emitted at small angles, the effect of bombarding

particle energy is not large; at least above the threshold for

meson production (_300 Mev)o

Although mass number and bombarding energy do not effect

the angular distributions to a large degree, comparison of the

two graphs on Figure 4.13 indicates that the angular distribution

is strongly dependent on the energy of emission° The emitted

particles with energies near that of the bombarding particle have

angular distributions which are highly peaked in the forward direc-

tion. For the lower-energy particles (30-90 Mev) the peaking is
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much less pronounced° These results are in qualitative agreement

with the measurements for 90-Mev neutrons incident on carbon

(Ref. 52)9 which indicate a steeper angular distribution for

emitted protons with energies greater than 35 Mev than that

which was found for energies greater than 20 Mev (Fig° 4o14)o

The Monte Carlo data giving the angular distribution of

cascade protons (Ep790 Mev) from bombardment of Ru lO0 with

286-Mev protons (Refo 79) is also shown in Figure 4o13o The

angular distribution is slightly more peaked for 286=Mev protons

than for the 460- and 1840-Mev bombarding energies (at least

from 0° to 90o)° The same trend is apparent in Figure 4o149 where

the angular distributions (normalized to 1 emitted particle) for

all emitted protons with energies greater than approximately 30

Mev are shown for 90-Mev neutrons incident on carbon_ and 460-

and 1840-Mev protons incident on aluminum° The more rapid

decrease with angle of the number of emitted particles for the

90-Mev data is contrary to the direct_interactlon concept_ since

higher-energy particles would be expected to result in more

production at the forward angles° However9 above approximately

400 Mev; w-meson production in the nuclear collisions becomes

important° This production introduces an effective means of

energy transfer from the high-energy incident particle to the

nucleons within the nucleus (Refo 80)° This increased transfer

is a result of the shorter mean free path in nuclear matter for

the pion as compared to that of the incident nucleon and the high

probability for pion absorption. Actually_ several scatterings
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may take place before the pion is absorbed, thus increasing the

average number of interacting particles (Refo 80)° Because of

the larger number of particles and collisions being considered,

the angular distribution of the emitted nucleons will be smoothed

out somewhat, as can be seen in Figure 4o14o

4°3°2°2 Evaporation Nucleons° The angular distribution of

evaporation nucleons has been measured for 190-Mev protons bom-

barding C, A1, Ni, Ag and Au (Refso 77_ 81)o The results were

complicated by the appearance of a significant number of cascade

particles in the energy range of the evaporation particles that

extends up to approximately 20 or 25 Mevo By considering the

energy range up to approximately 2 or 3 Mev for neutrons, which

includes most of the evaporation particles_ the influence of the

cascade particles was eliminated and the resultant angular distri-

butions were interpreted as being isotropic in the CoMo system

(Ref. 77)° A similar conclusion was reached for the evaporation

protons (Ref. 81), although the peak in the evaporation energy

spectra occurs at higher energies for protons because of the

coulomb barrier.

It is necessary to point out here that the C.Mo system

referred to in the preceding paragraph is not that of the bom-

barding particle and struck nucleus° The system referred to is

that of the residual excited nucleus remaining after the cascade

process. Since the cascade particles are emitted in the forward

direction preferentially, the average velocity of this "center-

of-mass system" in the laboratory system will be much lower than
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that of the bombarding particle and struck nucleus. For targets

with large mass numbers (e.g., Au, Ag) the angular distributions

were approximately isotropic in the laboratory system.

The results of the 31.5-Mev proton bombardment of Be, N,

A1, Co_ and Ni (Refs. 75, 76) did not indicate an isotropic

angular distribution for the emitted particles (neutrons). How-

ever, the use of a bubble chamber as a detector prevented measure-

ments from being made for emitted neutron energies below 5 Mev.

Thus, most of the evaporation particles were not detected and

the angular distributions measured were interpreted as being

mostly due to cascade neutrons°

4°4 Average Numbers of Emitted Particles Per Nonelastic Collision

4.4.1 Cascade Nucleons

The bulk of data reported here for the average number of

cascade nucleons per nonelastic collision was obtained from the

results of the Monte Carlo calculations of Metropolis, et al.

(Refo 79 and 80) and their supplementary data as reported by

Lockheed (Ref. 26)° Unfortunately, the range of mass numbers

investigated begins at 27 (aluminum) and_ therefore, does not

include carbon_ which is of great interest in shielding of space

vehicles. However_ data for carbon has been obtained by extra-

polation and appears to be in reasonable agreement with the few

existing experimental values°

The results for C, A1, and Pb are given in Figures 4.15,

4.16, and 4o17_ respectively, along with the experimental data.

The experimental values were obtained from measured production
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cross sections (aprod) by means of the relation

W = apr°d-n (4.8)

Gne

where n (p,_, etc.) is the average number of neutrons (protons,

alpha particles) emitted per nonelastic collision°

The experimental data are given in Tables VII through IX.

The average number of cascade protons produced by 190-Mev proton

bombardment were obtained from Bailey's data (Refo 81) by sub-

tracting the production cross sections for evaporation protons

from the total production cross sections for emitted protons.

The average number of protons per nonelastic collision produced

by 90-Mev neutrons was obtained by extending the angular distri-

bution data of Handley and York (Ref. 52) from 45 ° to 180 °, as

described in Section 4°5. This same angular distribution at large

angles was used in extending the data of Hofmann and Strauch for

95-Mev protons (Refo 78) from 28 ° to 180°o Integration of the

differential cross sections (Figs° 4.9 through 4o12) resulted in

production cross sections from which the average number of

particles per nonelastic collision were obtained using Equation

4.8.

The Monte Carlo data was obtained mainly for incident

protons, although approximately 1/3 as many neutron problems were

run. It was found that the ratio of emitted protons to emitted

neutrons was highly dependent on the nature of the incident

particle (proton or neutron), particularly for low-mass nuclides.
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TABLE VII

CASCADECHARGED-PARTICLEPRODUCTIONBY 90-MEV NEUTRONS

Element

C

C

Cu

Pb

Ref.

82

52

52

52

gne
(mb)

220

220

78o

179o

gprod - p

85°3+_9°2

93±3

251±i0

439+_15

0388+_0042

o41+o01

o32!o01

o24+oOi

Oprod- d
{mb )

26o1+_3°4

23+_3

42+10

6o+_15

w

d

o119+_o016

.I0+o01

oO55+_oO13

o034+_° 008

TABLE VIII

CASCADE NEUTRON PRODUCTION BY 95-MEV PROTONS

Element

C

AI

Cu

Pb

233 _ 7

420 + 15

790 + 25

1740 + 65

gprod

(rob)

192

265

654

146o

_T

°822

°63

°83

°84

Ref o

78

78

78

78

TABLE IX

CASCADE PROTON PRODUCTION BY 190-MEV PROTONS

C

A1

Ni

Ag

Au

°ne

(mb)

23O

410

710

Ii00

1700

gprod

(rob)

178

313

415

590

lO68

°774

°763

°585

°536

.628

p Ref o

81

81

81

81

81
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However, the total number of emitted cascade particles was found

to be almost independent of the nature of the bombarding particle,

especially for the higher bombarding energies° Figures 4o18,

4o19, and 4.20 show the average number of emitted cascade nucleons

as a function of bombarding energy for both incident protons and

neutrons° Additional points for the curves of Figures, 4.15,

4o16, and 4o17 were obtained by plotting the percent of neutrons

and protons emitted as a function of energy for both types of

incident particles (Fig. 4o21) and applying these values to the

curves of Figures 4o18, 4o19, and 4020. The carbon data have

been extrapolated in all caseso

4o4°2 Evaporation Nucleons

The data reported in this section have been obtained from

the Monte Carlo calculations of Dostrovsky, Rabinowitz, and Bevlns

(Refo 83) and from experimental data° The relationships between

average excitation energy and bombarding energy from Reference 79

were used in the presentation of the results (see Figo 4026).

The calculations begin with mass number 64 (copper), therefore

requiring a larger extrapolation than in the case of cascade

emission in order to obtain data for carbon and aluminumo In

addition, the use of average excitation energies instead of a

distribution of excitation energies may introduce significant

errors. However, the results are again in reasonable agreement

with the existing experimental data° The results for C, A1 and

Pb are plotted in Figures 4o22, 4°23, and 4o24, as a function

of bombarding energyo The experimental data are also shown in
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these figures and are plotted as a function of mass number of

the target nucleus in Figure 4.25.

The data (with temperature correction for the coulomb

barrier) obtained from the tables and curves of Reference 83 for

Cu 64, Ag 109, Ta 181, and At 219 are given in Table X as a function

of initial excitation energy. These consist of the average number

of a particles, deuterons, protons_ tritons, He 3 particles,

neutrons, and total number of charged particles evaporated from

the various nuclei.

The data are used in two separate ways to obtain the average

number of emitted neutrons° The calculations have shown that

the total change in mass number caused by evaporation is propor-

tional to the mass number of the starting nuclide for a given

nuclear temperature (_) defined as

("T_) 1/2T = Eex (4.9)

is the initial excitation energy of the nucleus andwhere E
ex

is the level-density parameter. The effect of changing the level-

density parameter from a = A/10 to a = A/20 increased the number

of neutrons emitted by as much as 60% for Cu (depending on exci-

tation energy) and decreased the number of neutrons emitted by

30% for Ag and by as much as 25% for Ta. The effect on protons

and other charged secondaries was even larger. However, the

average excitation energies of interest in this report are

usually less than 200 Mev, except for the highest mass nuclides

114



zP

r4_

_2
t

¢

¢
+
L

z-
z
I-
T-
2,:

zt:
,d

I

i

I

i::

L

T-
I

±
I
I

NPC 14,702

0

U

0
0

0

0

0
0
0

2_

0

Z
LU

Z
LLI

0
Z

0

0

O

Z
0

0
L

Z
0

m

Z

Z
o_

0

m

L

0

m

m

Z

m

0

W

>

el

m

m
L

115



oo "K

_+.__

L_

tJJ
n,'

0

t.l.

Z
.LiJ
v

i 1

i i_

LI
q ,,0

NPC 14,703

|
,.wI

O

Z
O

I"

lU
Z

Z
O
i

O
el.

lai

ILL

O

Z

lULl

I.LI
>

IM

m

I16



0
0

0

@

Z

Z

o
Z

a

I
_.i

_L

Z
0

m

Z

Z

I--

0

I

0

N
I
m

Z

I

II
I

4
I

L

117



o 00

u

T

±

_r

,____

t_

t_

J_

0

<

LU

2_

Z

<
2_

Z
0
m

<

0
L
<
>

0

m_

Z_
Z

m

_-__.
o_
Zvl
OZ
F--O

<m
>Z

W

u_

118



TABLE X

EVAPORATION PARTICLE PRODUCTION FROM MONTE CARLO CALCULATION

Tempe ra ture

(Mev)

Excitation

Energy

(Mev)

w

n

.,m

P d 7

Cu 64

He 3

2.80

3.95
4.00

5.60
6.00

7.90
9 o67

5o
IOO

lO2
200

230
4oo

600

2.5
4.0

4.13

5.7
5.2

0.225
1.4

1.6

3.0

3.2

0.15

0.35
0.35
0.90
0.60

0

0

o.25
m

8.3
10.5

2ol

3.6

.7O
1.00

0

0

0
m

o.4o

o.9o

0.15

0.35

0.35
0.75

m

1.45
1.6

Agl09

2.14

.03

.O0

4.28

6.00

6.05

7.40

5o

lOO

174

2o0

600

3.8

5-9

8.15
8.4

12oO

ii.7
14.4

0.40
1.00
2.0
2.00
4.8

5.0
6.6

0

0

0.40

o.45

1 °8o
1.6

3.3

Tal81

0

0.20
m

0.20
m

0.70
1.10

0 0.20
o 0.40

o 0.57

- o.9o
- 1o2

0.35 1.75

0.65 2.25

1.66

2.36

.32
oOO

4.7o

5.75
6.00

5o

I00

2OO

290
400

600

651

4.8

8.0

12.7
16

18.5

22 -3
24.0

0,20
0.50
1.2o

2.3

3.4

5.7
6.4

o

o

0.30
0.46

1.15
2.4

2.3

0

0

0°30
m

0.50

1.20

.... m

0

0

0

o.15

0.35
D

0

0.2
0.6

O. 69
1.6

1o7

2.25

4

6
350

790

19 -7

29

At219

0.65
2.5

i

m m
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(Pb) and highest bombarding energies of about I000 Mev (see

Seco 4o5ol)o For these relatively lower excitation energies

the variation with a is much smaller° Since most of the data

is reported for a = A/10, this expression for the level-density

parameter will be assumed correct°

In the first method of extrapolating this data_ the total

change in mass (AA) was plotted as a function of nuclear tem-

perature (_), using Equation 4°9° Points for various nuclear

temperatures of interest (4-6 Mev) were then replotted as a

function of mass number, and interpolation for carbon and

aluminum was accomplished assuming the curves extrapolate to

AA = 0 at A : 0o

Similarly_ _/AA_ the fraction of neutrons emitted per unit

AA (determined from Table X)_ was plotted as a function of _ and

was found to vary slowly with nuclear temperature° Again_ the

values for several nuclear temperatures of interest were replotted

versus mass number and were found to vary slowly with A, thus

permitting extrapolating to A : 12 and to A = 27°

Combining the results for AA and _/AA_ the values of

for the temperatures (or excitation energies) and mass numbers

of interest were found,

In the second method for determining the average number of

evaporation neutrons_ the values of _ obtained directly from

Table X were plotted as a function of nuclear temperature° The

values for various temperatures were replotted as a function of

mass number and interpolations for carbon and aluminum obtained_
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g

again assuming n = 0 for A = O. Using the relationships between

and excitation energy, as well as between average excitation

energy and bombarding energy (Fig. 4.26), the curves in Figures

4.22, 4.23, and 4.24 were drawn.

As stated previously, the distribution of excitation energies

after cascade should be considered in determining the average

number of emitted particles. In addition, the distribution of

residual nuclides after cascade (or starting nuclides for the

evaporation) should be considered; however, data giving the

correlation between excitation-energy distribution and dlstribu-

tlon of residual nuclei exist for only one target material

(copper) and two bombarding energies, 460 and 1890 Mev (Ref. 80).

Furthermore, the uncertainty in the relationship between excita-

tion energy and nuclear temperature, as well as the necessity of

extrapolation for C and A1, does not Justify such detailed

analysis at this time. Therefore, average excitation energies

are used and the mass of the residual nuclei is taken to be that

of the target nucleus. From the data of Table X, it may be seen

that the variation of the number of evaporation neutrons with

mass number is not very large and, therefore, the use of the

target mass number instead of an average residual nucleus is

reasonable.

Tables XI and XII give the production cross sections and

average numbers of emitted particles from evaporation measured in

various experiments (Refs. 77, 81, and 85).
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TABLE Xll

EVAPORATION NEUTRON PRODUCTION BY

120- AND 380-MEV NEUTRONS

(Ref. 85)

Neutron Evap orat ion

_ Binding Energy Excitation Energy

(Mev) (Mev) (Mev)

120-Mev Neutrons

C

A1

Fe

Cu

Sn

Pb

Pb*

Be

1.8+1

1.5 + 0.8

1.5+ 0.8

1o8 + 0°9

4.5+2

9+3

9.9 + 3.3

i.....

11.6 + 0.8

C

AI

Fe

Cu

Sn

Pb

Pb*

Pb*

Pb*

Pb*

1+0.6

1.6 + lol

2.3 + 1.2

2.8+1

4.4 + 1o8

6.5 + 2.4

7.4+ 2.5

7.1 + 2.4

17.7 + 2.6

7.8+ 2°6

4

3

3

4

9

20

e5

17

12

15
35

65

30 + 17

20 + i0

15+8
20 + I0

45 + 20

85 + 28

3

2

3

5
6

lO

15

380=Mev Neutrons

12

18

15
2O

24

35
50

15+7

_v + 12

18 + 12

25 + 13

30 + ii

45 + 20

65 + 24

* Various sample thicknesses.

123



4°5 Energy Distributions of Nonelastic Particles

4o5ol Average Excitation Energies

The average excitation energies of residual nuclei following

cascade shown in Figure 4°26 were obtained from the Monte Carlo

calculations (Refo 79 and 80)° The measured values of excitation

energy given in Table XI for 190-Mev protons (Refo 77) are com-

pared with the calculated data in Figure 4°27° The agreement is

within experimental error°

4°5°2 Ave rase Energy of Emitted Nucleons

4o5,2ol Cascade Nucleons° A rough estimate of the average

energy of emitted cascade nucleons may be obtained as follows° The

average total energy available in the form of kinetic energy of the

cascade particles Eav is given by

Eav = E_Eex + [M + mp _ M __nmn_mp_ c2_EM, _ (4o10)

where E

mp_m n

m

Eex

M

M'

and _, n

EM ,

is the bombarding energy,

is the average excitation energy,

is the mass of the target nuclide_

is the average mass of the residual nuclides,

are the masses and average numbers of the

emitted protons and neutrons, respectively, and

is the average kinetic energy of the
residual nuclides°

E--M, will be assumed negligible° An upper limit to the effect of

the terms in parenthesis should be given by the expression

(_ + _)B_ where B is the average binding energy per nucleon (-_I0 Mev)o

With these assumptions, the effect of this term on Eav is shown in

Table XIII for several representative cases°
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TABLE XIII

ERROR IN CALCULATION OF AVERAGE ENERGY

184o

1840

5oo

5oo

8o

_n
%Jk*

A

12

238

12

238

12

Ee x

( ev)

59

450

34

16o

22

7(]
I v

+ 5)

5.2

8.6

3°4

3°3

1.66

Eav

(Mev)

1781 + 52

1390 + 86

466 + 34

340 + 33

58 + 17

I_ g g

I

% Error

3

6

7

lO

3o

66

The effect is seen to be small at high energies, but becomes

increasingly important for low bombarding energies and hlgh mass

numbers (A). The uncertainty in E-'ex is also important in this

range. Therefore, the average energy of emitted nucleons

determined by this method may be considerably in error for energies

below lO0 Mev. The equation used was

E- e x
"E" = .ff + _ • (4oi1)

The results are shown in Figures 4.28, 4.29, and 4.30 for C, AI,

and Pb, respectively°

The average energy of emission of the cascade nucleons may be

obtained from the measured and calculated spectra discussed in

Section 4.5o3.1. The average energies of emitted cascade protons

from 460- and 1340-Mev protons bombarding A1 and U are compared
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in Figures 4.29 and 4.30 to the values obtained from Equation 4.11

for A1 and Pb, respectively. Since the average energies do not

change rapidly with mass number, particularly for large mass numbers,

the difference between the values for Pb and U should be negligible.

The values obtained from the spectra are slightly higher, but agree

fairly well with those of Equation 4.11 at 460 Mev. However, at

1840 Mev the values from Equation 4.11 are very much larger than

those obtained from the spectra. A major source of error in

Equation 4.11 is the neglect of pion production above 300 Mev. The

average number of pious emitted per nonelastic interaction was cal-

culated by Metropolis, et alo (Ref. 80) and was found to depend

only slightly on mass number° The values were approximately lol

at 1840 Mev, 0.5 at 940 Mev, 0.3 at 690 Mev, and 0.12 at 460 Mevo

If the assumption is made that the average energy of the emitted

pious is equal to that for nucleons, the average number of pious

produced may be added to the denominator in Equation 4°ii. This

procedure results in a significant decrease in the average energy

of the nucleons at high bombarding energies, although there is still

considerable disagreement with the values obtained from the spectrum,

part of which is due to the assumption that EM, is negligible.

The assumption of equality for the average energies of pious and

nucleons is supported by measurements of proton and pion energy

spectra from Be bombarded by 2.2-Bev protons (Ref° 86). The average

energy is roughly 400 Mev, which agrees with the values calculated

from Equation 4.11 for Be, including the average number of pious

in the denominator.
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The average energies for the spectra from 95-Mev protons

(Refo 78) were found to decrease very slowly with angle out to 28 ° .

The average energies for C, A1, and Pb were all approximately 50

Mevo These values are significantly higher than those obtained

from Equation 4oll of 40 Mev for C; 36 Mev for A1, and 30 Mev for

Pb. This discrepancy is probably due to the small angular interval

considered in Reference 78, since the forward angles contribute the

highest energies°

4°5°2°2 Evaporation Nucleons° The average energies of

emitted evaporation neutrons from bombardment by 190-Mev protons

shown in Figure 4.31 were obtained from the measurements of Gross

(Refo 77)° The average energy changes by only 1Mev as the target

nuclide varies from carbon to goldo Also_ the average energies

were found to change slowly with bombarding energy (or excitation

energy)_ since the energy interval containing the evaporation

particles and the spectral shape change very little with bombard-

ing energy (Refo 77)° The average energies of evaporation protons

obtained from the spectra of Reference 81 are also shown in

Figure 4.31o

4°5°3 Energy Spectra

4o5o3.1 Cascade Nucleons° The energy spectra of cascade

neutrons produced by 95-Mev protons bombarding D, Li, Be, C, A1,

Cu_ and Pb have been measured for angles of 0°, 5°, lO °, 16 °, and

28 ° by Hoffmann and Strauch (Refo 78). Their results for C, A1,

Cu_ and Pb are shown in Figures 4.32_ 4.33_ 4o34_ and 4o35_

respectively° Handley and York (Ref° 52) have measured the energy
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spectra of protons produced by 90-Mev neutrons incident on C,

Cu, and Pbo Comparison of their results (not shown) with those

of Handley and York shows very little difference between the

energy spectra for the various angles - in conformity with the

theory of charge independence.

The energy spectrum of cascade protons ejected in the bombard-

ment of Ru lO0 by 366-Mev protons was calculated by Monte Carlo

(Refo 79) and is shown in Figure 4.36. The spectrum is seen to

fall rather rapidly from 30 to 90 Mevo It then falls more slowly

out to about 160 Mev, after which it remains fairly constant. The

rapid fall in the low-energy region is apparently related to the

high probability for the incident particle to share its energy

with many nucleons for targets with large mass numbers. This

effect was somewhat apparent in the change in spectral shape with

mass number for 90-Mev neutrons (Figs. 4.32 through 4.35).

The energy spectra of cascade protons produced by 460- and

1840-Mev protons bombarding A1 and U were also calculated by

Metropolis, et al. (Refo 80) and are shown in Figures 4.37 and

4.38. Comparison of these spectra reveals that the shapes do not

depend strongly on the mass of the nuclides being struck, although

uranium does have a slightly higher percentage of low-energy

particles in agreement with the results at lower energies. The

spectra at 90 Mev were similarly not very sensitive to mass number.

There is also very little difference between the spectra at

460- and 1840-Mev in that very few particles with energies greater

than 500 Mev were found in the 1840-Mev calculations° This effect
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was attributed to pion production beginning with bombarding

energies of around 300 MeVo The pions produced in the nucleon-

nucleon collisions are a very efficient mechanism for energy

transfer and their production reduces the probability of high-

energy nucleons escaping the nucleus°

4°5o3°2 Evaporation Nucleons° The energy spectra of evapora-

tion particles were found to change very little with bombarding

energy (Refo 77)° Typical spectra are shown in Figures 4039, 4040,

and 4o41 for 190-Mev proton bombardment (Refs. 77 and 81)o A

simplified theoretical expression for spectral shape obtained by

Weisskopf (Refo 87) may be written (Ref@ 77) as

-E/_

N(E) OC oc(E)E e o (4.12)

Here, oc(E) is the cross section for formation of the compound

nucleus by the inverse process given by Blatt and Weisskopf

(Refo 31), and x is the "temperature" of the nucleus after the

evaporation of a nucleon and is given by

-I d log m(Eex)

dEex

Eex : Ema x (4.13)

or by

_-i E x : , (4.14)
= _ Eex Emax

where _(Eex) is the level density as a function of excitation

energy Eex, and Ema x is the maximum energy of the evaporation

particles. The temperatures for emitted neutrons, protons, and

particles were found to be approximately equal for 190-Mev proton
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bombardment (Refo 81); however, the temperature decreased with

increasing energy of emission° Since more than one particle may

be emitted from the same evaporating nucleus, there is a nuclear

"cooling", resulting in different values of _ o

The effect of the coulomb barrier on emitted protons is such

that the evaporation peaks are broader and shifted to higher

energies than in the case of neutron emission. The neutron spectra

are relatively independent of the mass number of the bombarded

nucleus. The spectra all peak at approximately 007 Mev and de-

crease rapidly for larger energies. For protons, the effective

coulomb-barrier height increases with increasing mass number_

causing the peak to increase from the 0.5-1-Mev range for carbon

to approximately 17 Mev for gold. Therefore, the average energy

of emitted neutrons should be fairly independent of mass number,

decreasing slightly as seen in Figure 4o31. The average energies

of evaporation protons show a fairly rapid increase with mass

number.

4.6 _ Neutron Penetration - Effective Removal Cross
Sections

A problem encountered in the treatment of secondary neutrons

produced by proton bombardment is the determination of a suitable

method for attenuation of these neutrons through the remainder

of the shield. Since these neutrons may possess energies up to

the incident energy, their subsequent interactions must be con-

sidered. In addition, it is desirable to investigate the effect

of using average energy of emission for secondary particles, Joe°,

the effect of a change in spectrum during penetration.
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The quantity of ultimate Interest is the dose rate con-

tributed by the secondary neutrons at the detector position.

Therefore, the possibility of using an effective removal cross

section for dose-rate attenuation was investigated. This approach,

introduced in Section 3.2.2.2 (Eq. 3.19), requires adequate flux-

to-dose conversion factors. Very little data exist for flux-to-

dose conversion factors at high energies. Gibson (Ref. 30) cal-

culated the energy removed from the neutron beam by assuming that

the neutron lost 50% of its energy in a collision with a hydrogen

nucleus and all of its energy in a nonelastic interaction with a

heavy nucleus. Since much of the energy lost in a nonelastic

interaction at high energies is transferred to secondary nucleons

and is not all imparted to matter at the point of collision, this

assumption is certainly an overestimate, providing_ therefore, an

upper limit to the flux-to=dose conversion factor rads/neutron
hr/cm2sec •

The only additional data available are given by the measurements

of absorbed energy in tissue obtained by Shal'nov (Ref. 88) and

are shown in Figure 4.42 along with the energy removal calculation.

The measurements were obtained up to an energy of 300 Mev and the

results were extrapolated out to 1Bev.

Two Monte Carlo procedures were used for the penetration

calculations in carbon. In the flrst_ the flux spectra and dose

rates were calculated for monoenergetic point Isotropic sources

of 60-, 200-, 400-, and lO00-Mev neutrons in infinite media. An

additional calculation, using the second procedure, with an
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infinite plane monoenergetic source of 1000-Mev neutrons was

obtained in order to determine the effects of different source

angular distributions°

At each collision the energy spectra and angular distribu-

tion of elastic scattered and nonelastic secondary neutron_ as

well as the average number of secondary neutrons produced, were

considered, using the data for carbon presented in the previous

sections° The energy spectra for aluminum at 460 and 1840 Mev

were assumed to apply to carbon°

The results of the calculations using Shal'nov's conversion

factors are shown in Figure 4.43_ where 4_R 2 times the dose rate

from a point isotropic source is presented and compared, in the

lO00-Mev case, to the dose rate from an infinite plane source.

The geometrical attenuation has therefore been removed from the

point-isotropic results for this comparison. The results for the

point isotropic and infinite plane source show the same general

trends, although the shapes are somewhat differento The dose

rates are seen to increase initially with penetration distance

and then fall slowly for increasing thicknesses° This lack of

attenuation is, of course, a result of the relatively large

production of secondary neutrons from nonelastic collisions at

high energies° The initial dose-rate buildup is, in fact,

probably higher than indicated by these results, since the Monte

Carlo penetration programs did not permit consideration of

secondary protons or pions, which could add considerably to the

dose rateo The curve for 4-Mev neutrons calculated from the NDA

moments method data (Refo 89) is also shown.
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If the calculated flux-to-dose conversion factors of

Figure 4.42 are used, the dose rate is much higher but shows

considerably less buildup with penetration distances because of

the rapid increase in flux-to-dose conversion factor. These

results, shown in Figure 4.44, were used in the proton penetration

procedure (PAP) in conformity with the upper-limit philosophy of

Section III.

The effective removal cross sections Er(E ) as a function

of secondary neutron energy are defined by

d( + _ _ : 4._.R2D : e-E_t (h i_
_r _,,_j - ,9' ''_J1

_o

where D O is the source strength multiplied by the flux-to-dose

conversion factor at the initial energy E_ t is the penetration

distance, D is the dose rate from a point isotropic source of

neutrons, and J_(t_E) is the transfer function of Equation 3.19.

The form of this equation certainly does not agree with the

results of Figures _o43 or _°44 (the fit for Fig° 4°44 is much

better at the higher energies_ at least) and Z r is found to depend

on thickness. However_ over a limited range of approximately

30 cm an average of E r may be used as a first approximation.

To obtain some idea of the error introduced by the use of

average energy of emission in place of an energy spectrum for

secondary-neutron calculations_ the following problem was

considered. The secondary-neutron spectrum from 1840-Mev protons

incident on A1 given in Figure 4.38 was assumed to be applicable
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to a carbon medium. This spectrum was used to determine the dose

rate for penetration of 30 cm of carbon, using the results of

Figure 4.43 at 30 cm, to determine the dose-rate contribution as

a function of secondary-neutron energy°

The dose rate obtained using an average energy of emission

(170 Mev for this spectrum) and the data from Figure 4.43 was 33%

higher than the dose rate obtained using the energy spectrum.

The effective energy was found to be 90 Mev for this thickness of

carbon, considerably lower than the average energy of emission°

Similar calculations for the spectrum resulting from

460-Mev protons (Fig. 4°41) gave a dose rate using average energy

of emission which was 19% higher than that obtained using the

energy spectrum. The effective energy in this case was 75 Mev -

much closer to the average energy of emission, ll5 Mev, than

in the previous case.

These results show that considerable care is necessary in

calculating secondary-neutron penetration° It was found that,

(1) use of an average energy for secondary neutrons is not too

well Justified for high-energy primaries_ and (2) tertiary and

higher-order reactions are of considerable importance for high-

energy neutron penetration° Better methods of applying these

results in secondary-neutron penetration are needed. One

improvement would be the addition of a buildup factor in

Equation 4.15°

4.7 Dose-Rate Definitions in PAP

Determination of the energy transfer to tissue by ionizing

radiation is generally based on the LET (linear energy transfer),
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i.e., the energy loss_ dE/dx, of the particle due to ionization

and excitation of electrons in the tissue. This term is evaluated

at the surface of, or as a function of depth in, the body, and

then can be integrated to find the total body dose. The manner of

energy deposition for neutrons in tissue is considered to be by

collision with hydrogen atoms which, after being torn from their

molecule with very little energy loss, are assumed to lose energy

by the typical process described above° These processes of energy

transfer for neutrons and protons will be called soft collisions,

or non-nuclear reactions.

The definition of the flux-to-dose conversions for neutrons

and protons used in PAP is based on the premise that not only

soft collisions but also hard (nuclear inelastic) collisions

contribute to the transfer of a particle's energy to the tissue.

When both hard and soft collisions are included in the definition

of the LET for a nucleon_ the mechanics of energy deposition of

secondaries resulting from the hard collisions must be con-

sidered. Because of the obvious problems in considering the

energy-loss history of each type of secondary produced by the in-

elastic collislon of a nucleon and a heavy nucleus in the tissue

(C 7 HT0 032 N2) _ it will be assumed that all the incident-particle

energy is given up at the point of reaction° This consideration

certainly results in an overestimate of true flux-to-dose conver-

tion_ however_ until Monte Carlo studies suggested by Gibson at

ORNL (Refo 30) are used to investigate the volume distribution
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of energy deposition in the body, it is a better estimate than

the simple soft-collision approach. The LET for a nucleon in

tissue, using the combined soft- and hard-collislon definition,

is given by the equation

( dE/dx ) = (dE/dx) + (dE/dx)

H+S H S

where (dE/dx )
S

(dE/dx )
S

(dE/dx )
H

for ionizing particles is the simple

ionization and excitation energy loss of

the particle per unit path length for the

energy incident at the surface of the

tissue target;

for neutrons is Zn_p(E).E/2 , with En_p(E)

equal to the macroscopic neutron-proton

cross section at the neutron energy E

(under the assumption that half the energy

of the neutron is given to the recoil

hydrogen nucleus per collision);

for a nucleon is [_o(E) + _N!E) + Zc(E) S • E,
with Eo(E)_ EN(E)_ and Ec(E) _qua! to the

macroscopic nuclear absorption cross sections

at the incident target energy, E, for oxygen,

nitrogen and carbon, respectively°

The flux-to-dose conversions (dE/dx) for neutrons and
H+S

protons using the above assumptions are shown in Figure 4.45. In

conclusion, the definition of "skin dose" is based on the selec-

tion of a differential depth, dx, below the body surface, over

which the energy of an incident particle does not change appre-

ciably except by nuclear collisions°

D_(E), due to the various componentsThe biological dose,
D-

is given by the equation

DBSCE) = _ dEx _S (Ex) dE/dx FsCEx)
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where
_s(Ex )

is the differential energy spectrum for

particles of type S at the target as a

function of energy Ex at the target;

dEx/dX is the LET of the particles, determined at

the surface of the target, for both hard and

soft collisions;

Fs(Ex) is the RBE for the S-type component as a

function of energyo

The physical dose D_(E) reported in Section V is obtained

by letting Fs(Ex) = 1 and integrating the above equation. Thus,

in order to determine the biological dose due to the various

average RBE, FS' must be defined such that

It is believed that, commensurate with the approximations

necessary to define the physical dose, the following average

RBE's can be used:

TABLE XIV

Representative Average RBE Values

Component

Primary protons

Secondary protons
Cascade neutrons

Evaporation neutrons

RBE

2

5
1

5

A very good review of this subject is given by Schaefer

(Ref. 28) and the NBS Handbook (Refo 29)@
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V. RESULTS OF SHIELDING CALCULATIONS

5ol General Remarks About the Calculations

A computer program for solution of the equations developed

in Section III was used to calculate the physical dose (energy

deposited/unlt length) as a function of shield thickness for

several shield combinations and proton spectra. The primary

objective in the generation of these data was to evaluate the

possible biological hazards arising from the secondary radiation

_i_ _n the _h_e]d^ It was conjectured that the primar_

component would be all important for thin shlelds_and only in

the case of thick shields would the contribution from secondaries

outweigh that from primaries° This condition was certainly not

the case in all the shield arrangements and spectra investigated.

The three proton spectra used in _ ^ i^. .__,e _a_ula_ons were.

Van Allen inner belt (Fig. 2.1)_ 23 February 1956 solar flare

(Fig. 4.1)_ and I0 May 1959 major solar flare (Fig° 4.1). The

most important flare type presenting a radiation hazard for the

short-duratlon cislunar flights proposed for the immediate future

is the I0 May 1959 low-energy-hlgh-intenslty flare. As a con-

sequence, the majority of the data reported herein is for this

flare. For low-thrust departure from the earth, the data for

Freden and White inner Van Allen proton spectra were needed for

an evaluation of the dangers inherent in passing through the

radiation belts. The possibility of the encounter of a giant

flare of the 23 February 1956 type is so remote for a short-
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duration cislunar flight that only one graph (Fig. 5.7) is

included for comparison purposes with the data on the other two

spectra.

The material arrangements chosen were intended to simulate

the integration of the structure, proton shield, and equipment

for a space vehicle_ ioeo, the effect on the dose when the struc-

ture and material inside the shield are considered as a part of

the effective shield. One case (Fig. 5.15) of a structure-proton-

gamma shield was considered to look at the possibility of a

prohibitively high evaporation neutron component coming from the

gamma shield. No appreciable effect was observed.

5.2 Time Variation of the Intensity

In order to place confidence limits on the magnitude of the

total time-integrated dose for a flare, it is necessary to know

the time variation of the particle intensity in the vicinity of

the earth. On the basis of data available on various effects in

the atmosphere and on the earth following the l0 May 1959 solar

flare (Refs. 90 and 91)_ the ad hoc assumption will be made that

the time variation of the proton intensity in cislunar space was

as shown in Figure 5.1.

The total time-integrated intensity (and dose) is an order

of magnitude higher than that suggested by Foelsche (Ref. 32);

however, it is not as difficult to reconcile as the multiplica-

tlve factor necessary if one handles the intensity variation as

suggested by Winckler (Ref. 92) for the 14 July 1959 flare,

ioeo, continuous intensity decay by t-2°56 from one hour after

the flare started.
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Some typical intensity variations for solar flares are

shown in Figure 5.2 (Refo 93)- For the case of the solar flare

of 4 May 1960, the total flare intensity is 222 times that measured

at the 33-hour point. Thus, if the lO May 1959 solar flare had a

similar intensity time variation, rather than that given in

Figure 5ol, a substantially lower total flare dose would be

received.
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5.3 Components of the Radiation

In the following, each component of the dose will be con-

sidered separately in relation to the particular incident

spectrum used° Calculatlonal results are shown in Figures 5.7 to 5o15.

5.3.1 Primary Protons

The dose due to primary protons was found to be the domi-

nant component for small shield thicknesses (less than about

20 gm/cm 2) for all three spectra° The cascade-neutron and

secondary-proton components generally were found to be more im-

portant for the larger thicknesses°

A most interesting feature of the primary dose is exhibited

by determining the incident energies which contribute to the

majority of the dose° From Equation 3ol it is found that the

primary dose is the integral of the product of three functions:

two generally rapidly varying functions - incident spectrum and

Sp(E), the flux-to-dose conversion (Fig° 4°45) - and an attenua-

tion function° It was found that the majority of the primary

dose originated from protons with energies Just above E*(t),

the minimum energy to get through the shield° In Figure 5°3

is a plot of integral dose (dose due to incident protons of

energy greater than a particular energy E) versus the percent

of the effective spectrum_E(E-Emln)/(Emax-Emin_ , for a

15-gm/cm 2 shield of polyethylene and the lO May 1959 spectrum.

It should be noted that over 80% of the dose comes from the

first 10% of the effective spectrum. This same general relation

between percent of incident spectrum and integral dose holds
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for all the materials and spectra studied. Figure 5.4 (scale is

meant only for shape comparison) shows the generally constant

ratio between spectra at cutoff lintensity of incident spectra at

E*(t!i ) and the dose as a function of the shield thickness, t.

Thus, it would appear that Equation 3.1 could be approximated by

an equation of the form

Emax

dE'@pCE,)Sp(E',t)_(E',t) >:@p[E*(t_

E*(t)

EidE'Sp(E',t) _ (E',t), (5.1)

E*(t)

where E*(t)_Ei_Ema x and the interval [Emax,E*(t)] is large.

5°3.2 Secondary Protons

The secondary-proton component of the dose, llke the primary

component, is largely dependent on the shape of the incident

spect_am (Figs. 5o7, 5.8, and 5.9)° This statement is valid to the

extent that the component may or may not be the major contribution

to the total dose.

In order to understand the reasons why this component of the

dose can be so important in the case of a hard spectrum like that

of Freden and White, it is necessary to restate, briefly, the

model used in the calculation. For each energy selected to repre-

sent the incident spectrum, that part of the incident proton flux

which reacts in an interval Ax in the shield produces secondary

protons of energies ranging from zero to E(x), the average energy

of the primary protons across that spatial interval. Some of the
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protons born in this interval do not reach the target because

of their low energy; however, for each incident proton with energy

greater than E*(t) at the incident face, some of the secondary

protons produced get to the target, some with the maximum energy

loss occurring at the target surface. It was pointed out in

Section 5.3.1 that those protons with incident energy much greater

than E*(t) do not contribute much to the primary-proton

component of the dose° However, in the case of the secondary-

proton dose these are Just the primary energies which produce

most of the high-dose secondaries. Figure 5.5 shows the spatial

distribution of the secondary-dose sources for each of the

secondary components for the Freden and White spectrum and

30 gm/cm 2 of aluminum°

5.3.3 Cascade Neutrons

This component of the secondary radiation is particularly

unique, since after its birth in the shield it experiences very

little energy degradation before reaching the targeto For each

nuclear collision in the material, the neutron has an approxi-

mately equal probability of experiencing a reaction which would

lead to either tertiaries or elastic collision resulting in low-

energy loss. Thus, although the cascade neutron may not reach

the target, the tertiaries resulting from its reaction in the

shield may arrive there° This possibility is considered for

the case of tertiary neutrons through the removal cross section

and is included in the results as part of the cascade component°

The cross section for hydrogen collision in the energy range of
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cascades is too low tc contribute much to energy degradaticn,

since little energy loss is experienced by the neutrons by this

mechaulsm. Spatial distribution of cascade-neutron sources for

an aluminum shield and the Fredeu and White spectrum is given in

Figure 5°5°

5°3°4 Evaporation Neutrons

This component of the radiation is greatly influenced by the

material between its source and the target° The low energy of the

majority of the evaporation spectrum (Fig. 4°39) means that colll-

siou with hydrogen in the material can greatly reduce the contri-

bution of this component° This is dramatically shown by a compari-

son of the evaporatlon-neutron dose behind an aluminum (Fig° 5.11)

and a polyethylene shield (Fig. 5.9)° For the case of the aluminum

shield, little attenuation to the evaporation neutrons is afforded

by the shield and it functions primarily as a source. In the case

of the polyethylene_ the evaporation neutrons are largely eliminated

from consideration by high-energy-loss collisions with the hydrogen.

Spatial distribution of the evaporation-neutron dose sources

is shown in Figure 5°5 for aluminum and the Freden and White

spectrum and in Figures 5.6 and 5.7 for different spectra and

materials°
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VI. CONCLUSIONS AND RECOMMENDATIONS

6.1 Study of the Secondary Component

The primary conclusion which must be drawn from the data

presented in Section V is that the secondary component of the radia-

tion must be considered in any shielding calculation for extra-

terrestrial radiation. The models used for calculation of the

secondary dose were selected with the expressed intention of

evaluating the relative importance of the secondary in comparison

to the primary_ component.

On the basis of the data obtained on the relative importance

of the secondaries, it would appear that not only material selec-

tion, but also composite-shleld material arrangement may be

extremely important in the selection of an optimum shield. This

"first generation" evaluation of the importance of secondaries

points out the need for further study of the angular and energy

dependence of these components.

6.2 Depth-Dose Patterns in Target

It has been customary in the case of fission-neutron

sources to speak of the whole-body dose received by a human

target. In the energy region up to lO Bev for extraterrestrial

radiation, it would seem inappropriate to continue to calculate

the whole-body dose, but rather to look for the maximum dose in

the body° Studies of H. J. Schaeffer (Ref. 28) and R. D. Evans

(Ref. 94) indicate that for the spectra encountered in space

(decreasing intensity with energy) the maximum dose due to the
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primary component will always occur at the surface of the target.

With more shielding in front of the target, the less peaked the

dose is at the target surface (Fig° 3.2)_ thus, the rate of energy

loss across the body target does not change a great deal. 0nly

for thin shields (less than about 20 gm/cm2 of polyethylene) would

the dose change more than about a factor of 2 across the short

dimensions of the human torso, even for a soft spectrum such as

that of lO May 1959o For the present, it would appear that sur-

face-dose calculations are adequate, since the concept of an

unacceptably high skin dose but acceptable total body dose is

nebulous.

6o3 Improvements

As previously described (Sec. V)_ the selection of a

"typical" flare spectrum and its time-integrated intensity is at

present, and, it would seem for the immediate future, rather un-

certaino Future studies should be performed on a parametric

basis, i.e., unit intenslty for single incident energies. With

data reported In this form, one can construct at some later time

his own dose values on the basis of spectral data available at

that time°

Before sufficient accuracy can be obtained to analyze the

dose received by a human target shielded by a space-vehicle shield,

it will be necessary to consider, at least in some approximate

fashion, the angular dlstribution of the secondaries on the inner

face of the shield. With the development of some approximate

scheme as the goal, the use of Monte Carlo techniques or the

Carlson Su (Refo 95) method for solution of the transport
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equation is necessary. These methods may lead to approximations

which could be used in conjunction with the scalar dose (non-

angular dependent) values calculated by a code like PAP to give

sufficient accuracy for design purposes. Other results from the

use of these more elegant models for calculating the dose due

to secondaries would provide a check of the models presently used

in PAP and point out necessary modifications for improvement.
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APPENDIX A

RANGE-ENERGY RELATIONS FOR PROTONS

The primary mechanisms for energy loss for fast protons

(E _l Mev) and heavier ionized particles as they pass through

material is by excitation and ionization of particles in their

vicinity. The theory of such energy loss per unit path length

for charged particles is based on a quantum mechanical formula-

tion which considers wave scattering by the field of the atomic

electrons in the material. The energy of a proton must be

sufficiently high so that capture of electrons from the material

does not occur in order for the following formulation to be

correct.

For the above conditions, the average energy loss per

centimeter of path for a relativistic particle (Ref. 96) is

4_ e4Z 2 NB

S(E) = -dE/dx = (A.I)
mv 2

with

- 2mv 2 i

h = Z ilog I - log(l-B 2)-B2i , B = v/c o

Here, v is the velocity and Ze the charge of the incident

particle, N the number of atoms/cubic centimeter of material,

Z the atomic number of the material nuclei in question, and I

the average excitation potential of the atom° The term -dE/dx

is generally called the "stopping power" for the material and B

the "stopping number". No nuclear collisions (called hard colli-

sions) are assumed to occur in this formulation for energy loss.
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The range of a heavy particle (protons in this study) of

energy E is found by integrating numerically the stopping-power

relation

R(E) = - dE/(dE/dx) + n(Eo), (A.2)

where R(Eo) is the range of a proton with energy E o below which

Equation Aol is not applicable, ioe., experimental data are used

in the range where a proton can pick up an electron.

Curves from Reference 97 for the range of a proton as a

function of energy are shown in Figure Aol. In the evaluation of

the range in molecular shields, such as polyethylene, it is

assumed that the stopping powers for the constituent atoms combine

independently of each other and that

SMole_E_ar = E A i Si(E),i
(A.3)

where A i is the fraction of the molecular weight for atoms of

type i, and Si(E ) is the corresponding stopping power. The

range is then evaluated by use of Equation A°2.

An example of demonstrating the calculation of the exit

energy E of an incident proton of energy E o for an aluminum,

polyethylene-lead composite shield is shown in Figure A.2.

A more complete discussion of this subject can be found in

References 94 and 950 The latter reference includes numerous

approximations which can be used that eliminate the use of tables

if only a rough approximation is necessary°
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APPENDIX B

PROTONATTENUATION PROCEDURE( PAP)

The non-analytic solutions of the equations presented in

Section III for the calculation of the dose due to primaries and

secondaries are outlined in this section. Because of the complex

nature of the equations, a computer program (PAP) was written for

solutions of the model equations.

For ease of computation, all the model equations developed

in Section III are in terms of either the energy incident or the

energy at the point of birth of the secondaries. Although the

form of the equations is much more tractable than if they were

expressed in terms of energies at the target, the dose must still

be determined on the basis of the energies at the target. It was

emphasized in Section 5.3.1 that the integrand in the primary-

proton equation for dose was rapidly varying. In order to find

the total area under such an integrand (Fig. 5.3) by numerical

integration, it is necessary to choose Judiciously the energies

at which the integrand will be evaluated. The same problem is

encountered in the integration over secondary-proton energies.

The selection of these energies is based on picking a particular

exit energy for which Sp(ER) , where ER is the proton energy at

the target, is, for example, a factor of l0 below its maximum

near ER = 0. This energy is taken as the exit energy, and the

corresponding incident energy is determined on the basis of the

materials and arrangements making up the shield. In the same

operation, the energy which a secondary proton must have at its
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birth is determined for each source location in order for it

to exit with the preselected energy° On the basis of this

single energy for the incident spectrum and each of the secondary

source locations, and the minimum energy to get from a point in

the slab to the target, the whole range of energies for repre-

senting the various integrands is chosen. The solution of the

secondary-neutron model equation is complicated only by the large

energy range of the primary spectrum° It is necessary to consider

the interval from E*(x), the minimum incident energy to get to a

secondary-source location, to EmaxO Incident energies are

chosen on the basis of the steepness of the incident spectrum.

A brief flow chart for the PAP program is shown in Figure

B-l, and the basic operating information is listed below:

lo Number of incident energies used to represent

primary and secondary spectra ..... o..... 0.oo.°. 20

2° Number of slabs allowed to make up composite

shield .... ooooooooooooooooooooooooooo ...... oooo 15

3. Number of secondary sources allowed (any

placement)oooooooooo°oooo.oooooooo.oooo°ooo°oo° 80

4. Optional incident-spectrum representation

ao Analytic

bo Discrete point-by-point input as a function

of energy (maximum number of points 80)

5. Optional secondary-particle-spectra representa-
tion

ao Average energy

b° Analytic

K tan _/2 'I-E/E' x i cascade protons

Evaporation neutron model as described

in Reference 31o

Co Double interpolation on primary and secondary

energies for input data, if available°
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P. H° Blllman

Errata in FZK-144, dated 8 June 1962

Please change your copy of FZK-144 as follows:

io Page 60. Equation 3°8 should read

1 E"

: 1 (3.8)

and Equation 3°9 should read

I E"

2_ ; d_' _0 dE fsp(E",E;_' "

,_) _ 1 (3.9)

_o

o Page 61. The paragraph beginning, '_For Equation 3.10, .°."

should have the following sentence added at the end:

The function g(E",E) in Equation 3.12 is normalized so that

E"

E$ g(E",E)dE = 1/Z_,

where _ is some lower limit arbitrarily selected for this

component.



.

4.

.

N64 -1 76 76
Page 69. The next-to-the-last paragraph of Section 3.2.2.3
should have the following sentence added at the end:

The normalization of the function fen(E",E) appearing in

Equation 3.24 is

Eex

j_o dE fen(E",E) = i/2_"

Page 74. In Figure 4.1, the 23 February 1956 curve is to

be multiplied by 4_ to give its correct magnitude.

Page 163.
as follows:

The last sentence in Section 5.3 is to be footnoted

The assumed secondary-energy spectra g(E",E) and fen(E",E)
were put into the code with an incorrect normalization. Thus,

it is necessary to divide all secondary-dose components by a

factor of 2_ (Figs. 5.7 through 5.15). The primary components
are correct.

Paul H. Billman, Jr.


